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Abstract
Monoclonal antibodies (mAbs) are large recombinant proteins produced in CHO (Chi-
nese hamster ovary) cell culture with a multiplicity of applications such as ligands for
affinity chromatography material, medical applications for disabling toxins and especially
as cancer therapeutics. They have the prospect of novel mechanisms for improved tumor
targeting in local therapeutic applications.
The bottleneck in mAb supply lies not with their production but in their purification.
Hence new mAb purification operations are necessary due to the complexity in their pu-
rification and the significant cost of antibody downstream procedures which can represent
up to 80 % of the total production cost. The predominant mAb purification process re-
lies on a series of resin chromatography steps with Protein-A affinity chromatography as
the initial capture step. Protein-A resins display an excellent specificity for mAbs but
are extremely costly, limited by pore diffusion mass transfer and may lead to leaching of
the Protein-A ligand in the eluted product stream. To overcome these issues, alternative
strategies without Protein-A or resin chromatography, are being investigated to achieve
similar or improve mAb recovery.
This PhD project investigated the potential of a weak cation exchange macroporous
hydrogel membrane material developed by NATRIX SeparationsTM for model protein cap-
ture as first step towards mAb purification. The weak cation exchange material consists of
a polymeric matrix and functionalized groups which display different charge characteristics
according to ionic strength or pH.
The project was divided in three overall objectives: In a first part a variety of model
proteins and antibodies were characterized for their hydrophobic character with a fluores-
cence probe. Secondly, the membrane was characterized, to contribute new knowledge for
this novel weak cation exchange membrane such as its swelling behaviour, surface charge,
ion exchange capacity and average pore size. Lastly, the interaction between membrane
and proteins was investigated. Static and dynamic conditions as well as membranes in dif-
ferent formats were characterized for their binding behaviour and mass transfer limitations
present in the material with model proteins lysozyme and IgG.
This work shows a promising avenue towards a simpler, cheaper and faster purification
process with high protein capture and yield, addressing the downstream bottleneck for
many proteins especially mAbs and make the successful cancer drug accessible for a broader
audience of patients.
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Chapter 1
Thesis Overview
1.1 Research Aim
For many years SOM (small organic molecules) have been the foundation of the phar-
maceutical sector. Lately more and more biologics (biological based drugs) have found
their way into clinical therapeutics [1]. Types of recombinant biologics (created with ge-
netic recombination in laboratories) include hormones, growth factors, enzymes, inhibitors,
vaccines and monoclonal antibodies (mAbs) [2].
The importance of mAbs has increased over the last decade. In 2001/2002, 16% of newly
FDA approved biologics were mAbs, 3.5% of all pharmaceuticals, whereas in 2011/2012
this ratio increased to 35% and 9% for biologics and overall therapeutics respectively [1].
mAbs as therapeutics are mainly used in the the oncology sector (51%) and the autoim-
mune/inflammatory sector (38%). Forecasts for 2015 for a subset of 50 companies, account-
ing for approximately 70% of annual industry sales, predict that mAb sales will exceed 60
billion dollars [3].
The rise of recombinant medicine is facing many challenges predominantly the increas-
ing demand for large scale productions and higher yields [1]. The existing bottleneck
however is a downstream purification technique that can deal with the larger volumes and
mAb concentrations currently achieved. The technique presently used to purify mAbs due
to its high yield and purity is Protein-A resin chromatography. This technique however
has many drawbacks including high ligand cost and poor bed utilization [4].
This PhD thesis will discuss an alternative purification technique for mAbs (and other
proteins): cation exchange membrane chromatography.
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1.2 Objectives
The main objective of this PhD work was to evaluate the potential of a weak cation
exchange macroporous hydrogel membrane to capture monoclonal antibodies (mAbs) from
cell culture. Multiple steps needed completion in order to achieve this assessment as seen
in Figure 1.1. The flow chart represents the main steps of this project.
The first step was the characterization of selected proteins. Proteins of interest were
model proteins bovine serum albumin, lysozyme, polyclonal Immunoglobulin G and a
monoclonal antibody (EG2). Details such as charge and hydrophobicity characteristics
affect the interaction between molecules (aggregation) and will have an effect on their
interaction with the membrane chromatography material.
The second step mirrored this objective for the membrane material of interest. Charge
and hydrophobicity characteristics of the membrane affect the interaction with proteins.
Ion exchange capacity was determined as well as maximum amount of protein able to be
captured. Further characteristics such as swelling and pore size were estimated.
With these two preliminary steps, objective 3 could be approached: Capture of model
proteins IgG and lysozyme. Protein membrane interactions were evaluated in a static and
dynamic mode. Conditions for binding and elution steps were investigated to achieve high
binding capacities as well as recoveries. Research focus was on potential transport limita-
tions of the material as well as the type of interaction with different proteins conducted
through isotherm adsorption models.
1.3 Structure
This chapter (1.3) gives an overview of the thesis structure. Chapter 1.1 presents the
research aim and motivation of the thesis. The objectives of the thesis are presented in
Chapter 1.2. Most important literature and state of the art methodology are presented
in Chapter 2. The results and discussion are presented in Chapters 3 to 5 as manuscript
format. Some of the information especially in the introduction and materials and methods
section may contain similar information. The overall conclusions and recommendations
are presented in Chapter 7. In the following paragraphs, the major topics of Chapters 3,
4 and 5 are described. Each of these chapters start with a synopsis to summarize the aim
of the respective chapter and standing as part of the whole thesis.
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Figure 1.1: Flowchart of the objectives of the PhD thesis
Chapter 3
This chapter discusses protein hydrophobicity characterization (objective 1). Bovine serum
albumin (BSA) was used as model protein to establish the ANS (1-Anilino-8-Naphthalene
Sulfonate) method. Polyclonal Immunoglobulin G (IgG) and a monoclonal antibody (EG2)
were investigated for their hydrophobic properties. This chapter was prepared for submis-
sion to the Talanta Journal.
Chapter 4
This chapter presents the physicochemical properties of a weak cation exchange macro-
porous hydrogel membrane. Characterization includes zeta potential measurement, pore
size analysis, swelling and hydrophobicity behaviour in addition to static protein binding
3
1.3. Structure
and elution capacities with IgG (objective 2, 3). This chapter was submitted to the Journal
of Membrane Science.
Chapter 5
This chapter deals mainly with protein and membrane interactions by considering capture
of IgG and lysozyme as model proteins (objective 3). Ion exchange capacity (objective 2)
was conducted and compared to protein interactions. Weak and strong cation exchange
membranes were investigated and compared. This chapter was prepared for submission to
the Journal of Membrane Science.
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Chapter 2
Literature Review
2.1 Antibodies
2.1.1 Structure and Function
Antibodies or immunoglobulins are Y-shaped glycoproteins, containing a protein and a
carbohydrate component, are produced by white blood cells (B cells) and play an important
role in the human defence system.
Most antibodies are tetramers consisting of two heavy and two light chains (Figure 2.1).
Disulfide bonds link the different chains together. The two heavy and two light chains are
identical which gives the glycoprotein the option to bind simultaneously to two different
antigens. Each chain has constant and variable regions. The constant regions of the heavy
chains can be one of five isotypes which form the five different immunoglobulin classes: lgA,
lgD, lgE, lgG and lgM [5] with IgG being the most important and therefore predominantly
used in research. Light chains are distinguished as either kappa (κ) or lambda (λ) type.
The two types exist in all major antibody classes but in recombinant antibody the kappa
light chains are present [6].
Antibodies can be split by the protease enzyme papain at the cleavage site or hinge
region, leaving two identical Fab (fragment, antigen binding) fragments consisting of one
light chain, one heavy chain and one Fc (fragment, crystallisable) fragment consisting of two
heavy chains. Fab is responsible for specific antigen binding whereas Fc consists of a ligand
interaction site that induces clearance mechanisms. The complementarity determining
regions (CDRs) of immunoglobulins are part of their variable regions and facilitate specific
antigen binding.
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Figure 2.1: Antibody structure (lgG)
Antibodies possess three main functions: neutralize pathogens by binding to a specific
epitope, a region on the antigen (the enemy cell surface); agglutinate, which means to link
pathogens to a complex which are then easier to remove by phagocytes and activate the
innate immune system (opsonisation) [7].
Different forces are involved in antibody-antigen binding. All of these are noncovalent
interactions and are therefore reversible. For example high salt concentration, extreme pH
and detergents can release the antigen. Table 2.1 shows the different forces responsible for
antibody-antigen binding.
2.1.2 Glycoforms
The variable carbohydrates attached to the constant Fc region of IgG (Figure 2.1) lead
to multiple potential isoforms (different forms of the same protein) of IgG. The attach-
ment process is called glycosylation which is an enzyme based mechanism where oligo- or
polysaccharides are attached to the antibodies. In this specific case, the isoforms are called
6
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Table 2.1: Noncovalent forces forming the antibody-antigen-binding
Noncovalent forces Characteristics
Electrostatic forces Attractive forces between opposite charged molecules.
Hydrogen bonds
Interaction between two electronegative atoms like N
and O that then share one hydrogen atom.
Van der Waals forces
Attractive and repulsive forces between molecules. The
Lennard-Jones-potential is a model used for the van der
Waals forces as a function of distance.
Hydrophobic forces
Hydrophobic molecules aggregate in order to keep out
water molecules.
glycoforms (protein with different attached glycans or polysaccharides attached glycosidi-
cally). There are different classes of glycans for example N-, O-, and C-linked glycans,
named after the element in the amino acid where binding takes place. With the addition
of these glycans, proteins in general gain structural and functional abilities.
For antibodies, these changes may achieve specific changes in solubility, stability or
aggregation behaviour. Studies indicate that the composition of cell cultures, along with
other factors such as cell line, expression system and reactor types have a significant effect
on the glycoforms [6]. Potential glycan side chains, as illustrated in Figure 2.2, can be clas-
sified as monoforms (e.g. high mannose), complex forms (e.g. variable monosaccharides)
or hybrid forms. It is unknown as of yet if these changes have an impact on purification
behaviour.
2.1.3 Monoclonal and Polyclonal Antibodies
Monoclonal antibodies (mAbs) come from a single clone of antibody producing cells (B cells).
Therefore all antibodies are uniform and act against one specific epitope on one antigen.
Unfortunately single cell clones are not very stable and have only a short half life. As a
result Milstein and Koehler [8] invented a method to insure the longer survival of these
cell clones. By combining B lymphocytes and myeloma (tumor) cells, immortal hybridoma
cells were created.
Their high specificity make mAbs a valuable tool in fields such as tracking molecules
in cells, purification in affinity chromatography and predominantly in medical applications
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Figure 2.2: Example of potential glycan side chains for the modification of antibodies
for disabling toxins and as a cancer therapeutics. Monoclonal antibody based drugs are
designed to target a specific antigen.
Polyclonal antibodies on the other hand come from different B cells and are therefore
not identical but are more tolerant against changes on the epitope surface and can maintain
their binding to the antigen. They are also used when the specific epitope is not yet known.
However, due to their production in animals and their heterogeneity, polyclonal antibodies
will likely show unspecific and undesired reactions and will likely require significantly higher
doses and will limit their medical use.
Antibodies exist in a variety of sizes: large antibodies (> 100 kDa), medium size anti-
bodies (30-100 kDa) and small antibodies (< 30 kDa) as summarized in Table 2.2. Anti-
body size is influencing characteristics such as half life and tumor penetration. The larger
the antibody, the longer the half life but the more limited the tumor penetration.
IgG is an example for a large antibody. Many commercial mAbs are IgG based, for
example Herceptin. EG2-hFc belongs to the medium sized antibodies and is a chimeric
heavy chain antibody (cHCAb) that can be constructed by fusing a small, single-domain
antibody (sdAb) EG2 with the fragment crystallisable (Fc) of human IgG. The advantage
of an incorporated Fc domain is the induced antibody-dependent cell-mediated cytotox-
icity (ADCC) and complement-dependent cytotoxicity (CDC) [9]. There is a potential
8
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Table 2.2: Examples and characteristics of different size antibodies (ab)
Characteristics Small Ab Medium Ab Large Ab
Example
sdAb (single
domain antibodies)
cHCAb
(chimeric heavy
chain antibodies)
Ig (Immunoglobulin
antibodies)
Size (kDa) ∼15 ∼80 ∼150
Half life Low Medium to high High
Tumor penetration High Medium to high Low
Potential or
commercial mAbs
EG2
(potential)
EG2-hFc
(potential)
Herceptin (IgG based,
commercial) [9]
commercial application for antibodies containing the EG2 sequence since it recognizes the
human epidermal growth factor receptor (EGFR), which is overexpressed or dysregulated
in certain tumor types such as breast, lung and pancreatic cancer.
2.1.4 Antibody Production
The increasing demand for mAbs brings the need for efficient large-scale production. There-
fore in vivo production is not sufficient and production by mammalian cell culture is prefer-
able [10]. Most of the antibodies currently approved are not made in hybridomas but by
recombinant DNA technology. During the last 20 years, when mAb production first started
in mammalian cells, the industrial scale (up to 25,000 l bioreactors) titres increased about
30 fold up to 5 g/l. Laboratory scale titres up to 30 g/l have been reported [11–13].
HEK 293 (Human embryonic kidney) and CHO DG44 (Chinese hamster ovary) are the
predominant cell lines used for transient expression of mAbs. Other known cell lines like
COS (African green monkey kidney) and BHK (baby hamster kidney) are used to a lesser
extent. The reasons that antibodies for pharmaceutical applications are predominantly
produced in mammalian cell cultures include high producing, high stable cell lines, proper
protein folding, post-translational modifications (e.g. glycosylation) and product secretion
into the cell culture broth. Table 2.3 gives a brief overview of FDA approved mAbs from
CHO cells [11].
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Table 2.3: FDA approved mAbs from CHO cells (selected)
Product Manufacturer Year Treatment Target
Rituxan Genentech 1997
Non-Hodgkin’s
lymphoma
CD20
Herceptin Genentech 1998 Breast cancer Her2
Zevalin
Spectrum
Pharmaceuticals
2002
Non-Hodgkin’s
lymphoma
CD20
Vectibix Amgen 2006 Colorectal cancer EGFR
2.1.5 Antibody Recovery Techniques
The purification sequence for antibody recovery contains three major steps (Figure 2.3).
The first step, cell harvest, is for the removal of cells via filtration or centrifugation. The
second step, Protein-A chromatography, is targeting the antibodies. Additional polishing
steps such as viral inactivation, ion exchange chromatography or filtration conclude the
process. Additional chromatography steps assure that the leached and aggregated Protein-
A is removed (cation exchange) and only monomers are further processed (size-exclusion).
Higher order oligomers lose affinity towards antigens [14, 15]. The process of Protein-A
affinity has been optimized for throughput, cleaning and re-use. To be purified, proteins
need to consist of a CH2/CH3 region which interacts with Protein-A (Figure 2.4) [4].
Figure 2.3: Antibody purification steps
Separation of antibodies via affinity chromatography happens on the basis of a reversible
interaction between the antibody and Protein-A ligand, immobilized on the matrix. The
interactions between Protein-A and the antibody can be a result of electrostatic or hy-
drophobic interactions, Van der Waals forces and/or hydrogen bonding (Table 2.1). For
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elution of the antibody, the interaction is disrupted by using a competitive molecule, or by
changing the pH, ionic strength or polarity.
Figure 2.4: Schematic representation of interactions between Protein A ligand and
CH2/CH3 antibody region
The advantages of antibody capture by Protein-A affinity purification consist of the
specificity of the operation and significant time-saving (single step purification) compared
to less selective multistep sequences. Large volumes can be processed. The major dis-
advantage is the expensive Protein-A ligand. Other serious problems include Protein-A
ligand leaching and the limited lifetime of the Protein-A ligand material. Antibody capture
by Protein-A affinity chromatography consists of the following major steps [16]:
1. Adsorption of the antibody (CH2/CH3 region) to Protein-A immobilized on a solid
phase
2. Removal of bound contaminants by washing
3. Recovery of the antibody from the solid phase
Recombinant Staphylococcal Protein-A (SpA) is a 42 kDa protein. It is a component
of Staphylococcus aureus cell surface. It has 5 homologous residues (about 58 aa) for
the immunoglobulin binding and a C-terminal region for the attachment to the cell wall.
By binding to immunoglobulins, it is slowing down the immune system and gives the
microorganism a higher pathogenicity. Binding sites are predominantly the Fc fragment
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of IgG1, IgG2 and IgG4 but also the Fab fragment of human IgG, IgM, IgA and IgE that
contain VH3 [16].
SpA consists of three different regions:
• S: signal sequence that is processed during secretion
• E, D, A, B and C: five homologous IgG binding domains
• XM: a cell-wall anchoring region
Every domain can independently bind to the Fc-part of IgG1, IgG2 and IgG4, with an
estimated affinity constant (KA) of 3.1*10
8 M−1 (at 15◦C). For interaction with IgG3, only
a weak interaction can be measured [17].
Recent research has identified the binding motif between Protein-A and human IgG [18].
For human IgG1, the key amino acid residues are Isoleucine I253, Histidine H310, Glu-
tamine Q311, Aspartic acid D315, Lysine K317, Glutamic acid E430 and Asparagine N434
and their counter components for SpA are Phenylalanine F132, Tyrosine Y133, Histidine
H137, Glutamic acid E143, Arginine R146 and Lysine K154. Some of these amino acids
have slightly basic or acidic side chains, Isoleucine and Phenylalanine have nonpolar side
chains. Research groups found that 80% of the binding behaviour was due to hydrophobic
interactions and less than 20% due to electrostatic forces [17, 18].
2.1.6 Protein Quantification Assays
2.1.6.1 Total Protein Quantification
Total protein quantification is commonly obtained by UV spectrophotometry and absorp-
tion at 280 nm (A280) which represents the Tyrosine, Tryptophan and disulfide bonds
content of the proteins. The value obtained depends on the path length of the cuvette.
According to the Lambert-Beer law (Equation 2.1) [19]:
A(absorbance) =  ∗ c ∗ l (2.1)
With  = extinction coefficient (M−1∗cm−1), c = concentration (mol/l) and l = optical
path length (cm).
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2.1.6.2 Protein Analysis by Molecular Weight Estimation
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is the most widely
used method for qualitatively analyzing protein mixtures according to the molecular weight
of their polypeptide chains. It is very useful for monitoring protein purification, and
because the method is based on the separation of proteins according to size, the method can
also be used to determine the relative molecular mass of proteins using a size standard [19].
The SDS-labelled proteins travel under an applied electric field with the same mobility.
However, as proteins pass through the separating gel separation occurs: the smaller protein
pass easily through the pores of the gel, whereas large proteins are retarded by frictional
resistance owing to the sieving effect of the gel. Once the run is completed, the gel can
be stained with Coomassie Blue and polypeptides are visible as blue bands on a clear
background [20].
2.2 Chromatography Principles for Protein Purifica-
tion
Chromatography is a technique where components of a mixture are carried in a mobile
(liquid or gas) phase through a stationary phase (e.g. resin or membrane). Differences in
their chemical structure will allow components to interact differently with the matrix and
is used for their separation. Chromatography has five main steps: equilibration (prepara-
tion of the matrix), binding (introduction of the mixture containing the compound to be
purified), washing (removal of unwanted bound substances), elution (recovery of desired
compounds) and re-equilibration (restoring of matrix). Depending on the purpose of the
separation, some steps will be more pronounced or steps might be dropped or interlaced.
Protein purification exploits the characteristics of the protein amino acid composition
which will possess different hydrophobicity, charges and influence the overall net charge of
the protein. The isoelectric point (pI) of a protein resembles an overall net charge of zero
for the protein. Protein size can also be used for their separation. Protein mixtures can be
purified using a variety of chromatography purification techniques. Only those techniques
relevant to antibody purification will be discussed in the next sections with ion exchange
chromatography presented in more detail.
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2.2.1 Affinity Chromatography
In affinity chromatography, a specific ligand is coupled to the chromatography matrix and
reversibly interacts with the target protein only. The technique is therefore highly selective,
with high resolution, capacity and recovery. It is the only method that allows purification
on the basis of biological function or chemical structure which is advantageous for the
separation of active from denatured or highly aggregated proteins. Biological interaction
between ligand and proteins can be reversed by using a competitive ligand (specific elution)
or by changing the pH, ionic strength or polarity (non-specific elution). The major limita-
tion of this effective separation technique is the cost of the affinity ligand and/or matrix
cleaning procedures to prolong ligand life [16]. Protein-A is the major affinity ligand used
for capturing antibodies. The technique is widely used in industry and leads to high yields
and purities [18].
2.2.2 Size Exclusion
Size exclusion or gel filtration chromatography is based on the separation of proteins by
size. Protein mixtures may differ in size and when applied to a porous gel matrix, small
proteins can penetrate these pores and are delayed while large proteins are excluded and
leave the matrix first. A potential drawback is poor resolution when proteins are very
similar in size, which can be rectified by increasing retention time or matrix length which
in turn increases time and mobile phase needs. Correct pore size of the matrix is very
important [21]. Size exclusion can be used as a polishing step for antibody production
when separating antibody monomers from aggregated antibodies [15].
2.2.3 Hydrophobic Interaction Chromatography
In hydrophobic interaction chromatography or HIC, a nonpolar matrix attracts proteins
with hydrophobic patches. Organic solvents, change of pH or temperature can affect this
interaction. Mild conditions are used and biological activity can be retained [21]. HIC has
recently been considered for the separation of mAbs monomers from their aggregates [22].
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Table 2.4: Functional groups in ion-exchange materials
Anion exchangers Functional group
Diethylaminoethyl (DEAE) −O − CH2 − CH2 −N+H(CH2CH3)2
Quaternary aminoethyl (QAE) −O − CH2 − CH2 −N+(C2H5)2 − CH2 − CHOH − CH3
Quaternary ammonium (Q) −O − C2 − CHOH − CH2 − O − CH2 − CHOH − CH2 −N+(CH3)3
Cation exchangers Functional group
Carboxymethyl (C) −O − CH2 − COO−
Sulphopropyl (SP) −O − CH2 − CHOH − CH2 − O − CH2 − CH2 − CH2SO−3
Methyl sulphonate (S) −O − CH2 − CHOH − CH2 − O − CH2 − CHOH − CH2SO−3
2.2.4 Ion Exchange Chromatography
2.2.4.1 Anion and Cation Exchange Chromatography Principles
Ion exchange chromatography is based on electrostatic interactions which involves re-
versible adsorption of charged solute proteins to immobilized ion exchange groups of the
opposite charge. There are two types of ion exchange materials, cation and anion exchange.
In anion exchange the matrix is positively charged whereas the counterions are negatively
charged, leading to the binding of anions. Oppositely for cation exchange, the matrix is
negatively charged, the counterions positively charged resulting in the binding of cations.
There are two approaches for protein purification with ion exchange. One can bind
proteins of interest and wash out contaminants or bind the contaminants and let the desired
proteins pass through. The first approach is more useful because it may also concentrate
the protein of interest.
Table 2.4 [23] gives examples of potential functional groups of ion exchangers. The
nature of the functional group will affect the type and strength of interactions between
components and matrix whereas their number and availability will affect the capacity.
Sulfonic (SP, S) and quaternary amino groups (QAE, Q) are present in strong ion
exchanger materials; DEAE and C are present in weak ion exchange material. The terms
strong and weak do not refer to the strength in binding but to the extent of the variation
of ionization with pH (Equation 2.2). Strong exchanger materials therefore are completely
ionized over a wide pH range and very stable. The exchange capacity of weak exchangers
on the other hand varies noticeably according to pH but this effect may provide slightly
different selectivity and maybe preferred in some situations. The effect of pH and ionization
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of the functional groups can be represented with the Henderson-Hasselbalch equation:
pH = pKa+ log
(
[A−]
[AH]
)
←−−→ [A−] =
(
10(pH−pKa)
10(pH−pKa) + 1
)
∗ 100 (2.2)
Most ion exchange operation consists of five steps (major three seen in Figure 2.5):
1. Equilibration to a start pH and ionic strength, specific to the binding of the desired
protein
2. Sample addition, start of adsorption/binding –>counter ions bind reversibly to the
matrix, unbound substances get washed out
3. Start of elution by changing conditions, increase in pH –>the matrix becomes more
negative, proteins less positive or increase in ionic strength –>the matrix becomes
less negative, more ions in solution shield proteins, release happens in order of their
strength of binding, weakest first
4. Removal of the residual bound substances
5. Regeneration of matrix (re-equilibration) for next purification
Capacity of ion exchange material represents the ability to adsorb counterions. There
are different ways to express the capacity [23]:
• Total ionic capacity: number of charged substituent groups per gram dry (or swollen)
matrix
• Available capacity: amount of protein that can be bound under defined conditions
• Dynamic capacity: amount of protein bound when the feed flow rate is included
2.2.4.2 Surface Charge Properties
Ion exchange surfaces will change their surface charge according to pH and will interact
differently with charged proteins. Surface charge properties can be obtained from zeta
potential measurements.
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Figure 2.5: Cation exchange operation (3 major steps)
A charged surface will affect the distribution of ions in its surrounding area, called the
interfacial region, resulting in a larger amount of counter ions close to the surface. This
leads to the creation of the electrical double layer. This layer has three distinct regions:
the surface potential on the surface of the particle or stationary phase, the stern potential
in the centre of the electrical double layer and the zeta potential at the outer influence
point of the electrical double layer, as seen in Figure 2.6.
The zeta potential magnitude gives an indication of the stability of the system. A
system with high potential (negative or positive, >30 mV) has molecules that repel each
other and is therefore stable. A zeta potential close to 0 indicates an instable system in
which molecules tend to aggregate.
Zeta potential can be estimated from the streaming potential measurements obtained
at different pressures (Equation 2.3).
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Figure 2.6: Electrical double layer and zeta potential
ζ =
dl
dp
∗ η
 ∗ 0 ∗
L
A
(2.3)
With: dl/dp = slope of the streaming potential versus pressure curve; η = elec-
trolyte viscosity (kg/ms);  = dielectric constant of electrolyte (-); 0 = vacuum permit-
tivity (F/m); L = length of the streaming channel (m); A = cross-section of the streaming
channel (m2).
2.2.4.3 Ion Exchange Capacity
Ion exchange capacity (IEC) represents the ability of a material to displace or exchange
ions that were previously attached to the charged groups of the material. Table 2.5 presents
published IEC characteristics (overall range from 0.22-2.8 meq/g) for exchange materials
(focus on membranes) performed with the titration method.
Titration methods for determination of IEC with both cation and anion exchange mem-
branes is commonly mentioned in literature [24–30]. The ion exchange membrane is first
equilibrated to ensure that all the functional groups are protonated. Then a salt is intro-
duced to displace the protons with the salt ions. Afterwards this solution can be titrated to
determine the quantity of protons displaced which therefore indicates the equivalent num-
ber of functional groups that are active. The pH or conductivity of the solution according
to volume of titration solution added can be used to determine the equivalence point and
the corresponding ion exchange capacity according to Equation 2.4.
IEC(
meq
g
) =
MS ∗ VS
mmembrane
(2.4)
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Table 2.5: Published IEC characteristics estimated by titration for ion exchange membrane
materials
Membrane Material Exchange Group
IEC
(meq/g)
Polyvinylchloride/polycarbonate [24] Strong cation 1.35-1.76
Poly(vinylchloride) [25] Strong cation 1.2-2.8
Polyethylene and styrene-divinyl benzene [26] Cation/Anion 1.40/0.78
Poly(vinylchloride) [27] Cation 1.27-2.71
Sulfonated polysulfone [28] Cation 0.66-0.72
Poly(vinylchloride) + styrene-divinvylbenzene [29] Weak Cation 0.22
Poly(vinylchloride) + styrene-divinvylbenzene [29] Strong Cation 0.28
Sulfonated poly(ether ester ketone) [30] Cation 0.71-1.52
Where MS is the molarity of titration solution (mol/l), VS is the volume of solution
added during the titration to reach the equivalence point (ml) and mmembrane is the initial
mass of the membrane, prior to hydration (g). The equivalence point can be estimated
using the 1st derivative method. The method uses the experimental data to generate a
first derivative function with the maximum turning point being the equivalence point.
2.2.4.4 Protein Adsorption
The distribution of a solute between two phases of a chromatographic system can be
described by equilibrium isotherms. Equilibria in the area of gas-solid and vapor-solution
adsorption have been studied in detail, the former one for more than 230 years. The
equilibrium isotherm plot shows the amount of a component in a known amount of the
stationary phase versus its concentration in the carrier phase. There are five types of plots
known (see Figure 2.7) [31]. Type I called Langmuir isotherm is the most frequent type.
Here the pore size of the microporous adsorbent is not much greater than the diameter
of the sorbate molecule. If there is a wide range of adsorbent pore sizes, types II and III
can be observed showing characteristic vertical asymptotes. The increase in capacity at
higher pressures (which is the equivalent to concentration in gas-solid interactions) can be
explained with the increasing pore diameters with raising pressure. Types IV and V show
a two step increase; this could be due to adsorption to surface layers in pores that are
much wider than the diameter of the sorbate in addition to the normal diameters, or to
filling of smaller pores after a few adsorption layers are formed.
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Figure 2.7: Adsorption isotherms profile types: I (Langmuir), II+III (asymptotic) and
IV+V (step increase)
The study of phase equilibria in liquid-solid adsorption is more recent. Starting in
the 1950ies, researchers adapted gas-solid adsorption principles to liquid-solid phenomena.
This approach will be reviewed in the context of protein (adsorbate) adsorption to ion ex-
change material (adsorbent). Three of the adsorption isotherms presented in Figure 2.7 are
valid for liquid-solid adsorption, types I, IV and V. Adsorption isotherm types II and III do
not have an equivalent in liquid-solid studies. In general, liquid-solid equilibria are more
complex but common gas-solid isotherms such as Langmuir, Bi-Langmuir and Freundlich
have been extended to this newer area (describing shapes like Figure 2.7-I). Other adsorp-
tion isotherm models such as the steric mass-action (SMA) model and spreading model
have been developed specifically for liquid-solid interactions (capture isotherm shapes I
and V in Figure 2.7). All five models will be described in the next sections.
2.2.4.4.1 Satic Binding Capacity Static binding capacity represents equilibrium
conditions and can be described with the following models:
Langmuir model The Langmuir model is the simplest description (Figure 2.8) of
adsorption at solid-fluid interfaces. The assumptions are a homogeneous surface, mono-
layer coverage of proteins and that the occupation of one binding site does not affect the
adsorption of a new protein. This is only true when the binding site density is low and the
proteins are small. Equation 2.5 states the Langmuir isotherm [32]:
q(c) = qmax ∗ KL ∗ c
1 +KL ∗ c (2.5)
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With q = binding capacity (mg/ml) at a certain c = concentration of protein (mg/ml),
KL = Langmuir equilibrium constant and qmax = saturation capacity of the solid matrix
(mg/ml). The plot q/c versus q shows a linear trend. The equilibrium constant KL (ratio
of ka and kd in Figure 2.8) describes the shape of the isotherm. Many adsorption situations
for protein binding to chromatography materials (especially membranes) do not follow the
Langmuir isotherm since the assumptions may not represent reality.
Figure 2.8: Schematic representation of the Langmuir adsorption principles
Bi-Langmuir model The Bi-Langmuir model is an expansion of the Langmuir model
for chromatographic separations that do not possess a homogeneous surface. In cases where
two different binding sites can interact with the proteins the Langmuir isotherm changes
to two independent contributions as seen in Figure 2.12 and Equation 2.7 [32].
q(c) = qmax,1 ∗ KB,1 ∗ c
1 +KB,1 ∗ c + qmax,2 ∗
KB,2 ∗ c
1 +KB,2 ∗ c (2.6)
With q = binding capacity (mg/ml) at a certain c = concentration of protein (mg/ml),
KB,i = Bi-Langmuir equilibrium constant for sites 1 and 2 and qmax,i = saturation capacity
of the solid matrix (mg/ml) for sites 1 and 2. The Bi-Langmuir model is used instead when
the plot q/C versus q is too strongly curved to fit the Langmuir model.
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Figure 2.9: Schematic representation of the Bi-Langmuir adsorption principles
Freundlich model The Freundlich model is an empirical derivation from the Lang-
muir model. It takes into account that with increasing protein surface coverage the rate of
protein adsorption slows down (see Figure 2.10). Equation 2.7 will take this new develop-
ment into account [32,33]:
q(c) = KF ∗ c 1n (2.7)
With q = binding capacity (mg/ml) at a certain c = concentration of protein (mg/ml),
KF and n = Freundlich constants. The exponent 1/n has to be between 0 and 1, resulting
in n ≥ 1. For n = 1, a linear isotherm is obtained. With increasing n, the initial tangent
of the isotherm is getting sharper but the maximum binding capacity decreases.
Steric mass-action model The steric mass-action (SMA) model was proposed to
describe strong non-linear adsorption in ion-exchange systems. Assumptions for the model
are (1) spherical proteins that have uniform size and density, (2) protein binding is depen-
dent on the characteristic charge v, (3) steric hindrance of the counterions bound to the
solid matrix occurs and (4) model parameters do not change during adsorption process [34].
Figure 2.11 shows a representation of the principles.
The SMA isotherm can then be described as in Equation 2.8:
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Figure 2.10: Schematic representation of the Freundlich adsorption principles
Figure 2.11: Schematic representation of the SMA adsorption principles
c =
q
KSMA
∗ n ∗ cS
A− (v + n ∗ σ) ∗ q
v
n
(2.8)
With c = concentration of proteins (mg/ml) for a given q = binding capacity (mg/ml),
KSMA = equilibrium constant for SMA model, A = ion exchange capacity of monovalent
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salt counterions (mmol/l), n = value of valence of salt counterions, cS = salt counterion
concentration in bulk phase (mmol/l), v = characteristic charge, σ = protein steric factor.
The equation can be simplified in two extreme cases, low concentration (c) (Equation 2.9)
and high concentration (c) (Equation 2.10).
q
c
= KSMA ∗ A
n ∗ cS
v
n
(2.9)
qmax =
A
v + n ∗ σ (2.10)
To solve the isotherm, assumptions of A, n, CS and qmax need to be made according to
experimental set-up and with that parameters KSMA, v and σ can be estimated.
Spreading model Limitations for the previously discussed models are that proteins
are not considered to change conformation after adsorption. This however may not happen
in reality where orientation and/or conformation of proteins may change after adsorption
(see Figure 2.12).
Figure 2.12: Schematic representation of the spreading adsorption principles
Desorption from P2 to P is negligible most of the time, so in addition to qmax and β
only equilibrium constants K1 and K12 need to be determined [33].
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2.2.4.4.2 Dynamic Binding Capacity Dynamic binding capacities do not deal with
equilibrium conditions but focus on the kinetics of a system. Breakthrough curves (BTC)
are used to analyze dynamic protein binding capacity. To describe the BTC all previous
adsorption models above can be used.
Breakthrough Curves Breakthrough curves (BTC) play an important role in an-
alyzing adsorption behaviours in a dynamic mode where a protein feed solution flows
through a resin/membrane chromatography system. Figure 2.13 [35] shows a typical BTC
which has similarities to type V of the adsorption isotherms (Figure 2.7). Since BTC are
important, its characteristics will be discussed in detail. BTC represent the change of the
protein concentration at the exit of the chromatography system over time or volume of
the eﬄuent. Theoretical BTC show a sharp peak from 0 to feed protein concentration.
Everything is being retained by the chromatography material and once the material is
saturated, the eﬄuent stream reflects the feed protein concentration. In reality BTC is
not as sharp. BTC is more curved as seen in Examples 1 and 2. One characteristic of
BTC is 10% breakthrough which denotes the feed solution volume when 10% of the feed
protein concentration is measured at the exit of the chromatography system. The later
(or at larger volumes) this occurs, the higher the dynamic binding capacity (DBC) of the
material will be (here DBCEx2 > DBCEx1). But that is not the only important consid-
eration. The shape of the BTC gives information of the binding behaviour. The closer
the shape to the theoretical shape the better since it means the material captures more
before it is saturated and does not leak proteins continually (here Ex1 closer to theoretical
than Ex2). Mathematically, the area above the BTC resembles the captured and retained
protein whereas the area below the BTC can be used to calculate the amount lost due to
breakthrough.
To determine 10% breakthrough, Equation 2.11 can be used:
qDBC10% =
c0 ∗ V10%
Vmembrane
(2.11)
With qDBC10% = dynamic binding capacity at 10% breakthrough in mg protein/mg
membrane, c0 = feed protein concentration (mg/ml), V10% = volume (ml) at which ab-
sorbance is 10% of c0 absorbance and Vmembrane = volume of membrane (ml).
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Figure 2.13: Typical breakthrough curve and important parameters with: VB: break-
through volume, c0: analyte concentration, nadsorbed: amount retained in membrane, nlost:
amount lost due to breakthrough
2.3 Membrane Chromatography
Packed bed resin chromatography has been widely used for protein purification for over
50 years. It yields a high resolution separation of mixtures and can be, depending on the
application, low cost and high throughput.
The matrix of resin chromatography can be based on inorganic materials, synthetic
materials or polysaccharides. The matrix determines properties such as efficiency, capacity
and recovery but also chemical stability, mechanical strength and flow properties. The
matrix will also affect the type of binding and may influence the biological activity of the
purified protein [23,36].
Limitations of packed bed resin chromatography are multifold. Examples include pres-
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sure drop across the packed bed which is increasing during the process due to media
deformation and accumulation of colloidal material and intra-particle diffusion for binding
between media and targeted molecule (Figure 2.14) [37]. Channelling is another problem
which occurs when cracks in the material or poor packing lead to short-circuiting flow and
therefore poor bed utilization.
Figure 2.14: Transport in resin (A) versus membrane chromatography (B)
Membrane chromatography also called membrane adsorbers are porous membranes
containing functional groups [38]. Their advantages include their 3D-structures with open
pores, negligible limitations due to diffusion and high capacity and flow rates. Since the
transport is mainly achieved by convection, reduced time and recovery liquid volume can
be obtained. Protein binding capacity is almost independent of flow rate over a wide
range so that high flow rates can be used. Compared to packed bed columns, a lower
pressure drop is reported. It is easy to scale-up and advantageous for large proteins.
There are different types of membrane adsorbers that could be used in purification of
mAb. PES (polyethersulfone) membranes are charged, hydrophilic polymers that can be
functionalized. Other base materials are regenerated cellulose and polyolefins. Table 2.6
presents common commercial ion exchange membranes and their characteristics. Pore size
diameter reflects the base material properties and range from 0.3 to 3 µm. Binding capacity
depends on material and protein to be captured with a range from 20 to 300 mg/ml.
Dynamic binding capacity for membrane chromatography materials (up to 100 mg/ml
hIgG and up to 300 mg/ml BSA, Table 2.6) are higher than for resins (10 mg/ml IgG
and 20-60 mg/ml BSA [40] for ion exchange resins, about 50 mg/ml IgG for affinity resins
[41]). Binding capacity for membranes remains constant over increasing flow rate (up
to 40 x bed volumes) whereas binding capacity for resins decreases with increasing flow
rate. When looking at the size of proteins, binding capacity for membrane chromatography
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Table 2.6: Commercial ion exchange membranes and their characteristics
Company Membrane Characteristicsa
Product
name
Base Material
Exchange
group
Pore size
Dynamic binding
capacity (10%)
Ligand
density
Natrix
Natrix Q Polyolefin
Strong
anion-
exchange
0.45 µm
>300 mg/ml BSA
[39]
n/a
Natrix C Polyolefin
Weak cation-
exchange
0.3 µm >100 mg/ml IgG n/a
Natrix Sb Polyolefin
Strong
cation-
exchange
0.45 µm
>250 mg/ml
lysozyme [39]
n/a
Pall
Mustang Q Modified PES
Strong
anion-
exchange
0.8 µm 70 mg/ml BSA n/a
Mustang S Modified PES
Strong
cation-
exchange
0.8 µm
47 mg/ml
lysozyme,
60 mg/ml hIgG
n/a
Satorius
Sartobind Q
Regenerated
cellulose
Strong
anion-
exchange
>3 µm 29 mg/ml BSA
4-6
µ/cm2
Sartobind Cb
Regenerated
cellulose
Weak cation-
exchange
>3 µm
[39]
21 mg/ml
lysozyme [39]
4-6
µ/cm2
[39]
Sartobind S
Regenerated
cellulose
Strong
cation-
exchange
>3 µm
29 mg/ml
lysozyme
4-6
µ/cm2
Sartobind D
Regenerated
cellulose
Strong
cation-
exchange
>3 µm 22 mg/ml BSA
4-6
µ/cm2
aManufacturer data unless otherwise stated
bNo longer commercially available
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only decreases slightly when purifying proteins over 500 kDa while resins show significant
binding capacity decrease for large proteins [42].
There are still some major limitations for membrane chromatography in large-scale
applications. For example a poor inlet flow distribution, non-identical membrane thickness
or pore size distribution. These disadvantages can be reduced by using multiple membrane
layers or optimal membrane holder device configurations.
The three configuration types are flat sheet, hollow fibre and radial flow devices (Fig-
ure 2.15) [37]. Flat sheets are generally employed as stacked sheets. The flow is normal
(perpendicular) to the membrane material. An additional benefit of hollow fibres mem-
brane chromatography systems is a high surface area and reduced accumulation of particles
due to cross flow. The flow is parallel to the surface at first and then pressed through the
pores. Flat sheets and hollow fibre systems are used in laboratory scale experiments. The
radial devices are used for large scale productions and are widely used in industry. The
flow is convective for axial transport but diffusive for radial transport [43]. The commer-
cially available membranes in Table 2.6 come as cut disc, syringe filter ready or cross-flow
cassette (Natrix only).
Figure 2.15: Flow in membrane adsorbers
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2.3.1 Structural Characterization of Membranes
Several methods are available for characterization of the pore structure of membrane mate-
rials. Liquid intrusion porosimetry uses a non-wetting liquid such as mercury. The pressure
needed to force the liquid into the pores can be related to the pore size of the material. This
technique however does not represent the pore size distribution in a hydrated state which is
a major limitation for hydrogel materials [44]. To overcome this disadvantage, inverse size
exclusion chromatography could be used where the membrane materials are equilibrated in
buffer and therefore represent hydrated conditions. The technique uses multiple probes of
different sizes and performs binding experiments [45]. The binding capacities of different
probes reflect on the pore size distribution. The estimated pore size may not represent the
actual pore size distribution if the full pore space is not accessible to the probe [46].
To visualize membrane surfaces field emission scanning electron microscopy (FESEM)
imaging can be used. It offers larger depth of field than a stereo microscope and higher res-
olution. Samples must be dry and conductive. Most biological samples are non-conductive
and will require coating with a thin layer of gold which makes this technique complex
and expensive. The magnification is up to 250 000 x. 3D surfaces are also possible to
create. For wet samples, environmental scanning electron microscopy (ESEM) could be
an alternative technique where samples can be maintained hydrated during imaging. Res-
olution however is diminished compared to FESEM and therefore a sample freeze drying
step prior to FESEM analysis could be an alternative to capture the morphology of the
hydrated sample while meeting the dried requirements of FESEM [44,47].
2.3.2 Mass Transfer in Membranes
Mass transfer in chromatography operations for protein purification reflects the multi-
step process of protein transport in the bulk phase and in the porous material. Protein
transport will involve convective flow from the bulk to the liquid film interface, within the
liquid film, internal material transport and ultimately protein adsorption with the ligands
of the material.
Convective flow is described by axial dispersion and represented by a protein mass
balance in the mobile phase for a membrane section of thickness z given by Equation 2.12:
Dax ∗ δc
2
δz2
=  ∗ δc
δt
+ (1− ) ∗ δs
δt
+ usf ∗ δc
δz
(2.12)
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With  = porosity of the membrane (-), c = protein concentration in the mobile phase
(mg/ml), s = protein concentration in the stationary phase (mg/ml), usf = interstitial
velocity (m/second), Dax = axial dispersion coefficient (m
2/second), z = axial position in
the membrane (m).
The axial dispersion coefficient, reflects flow non-uniformities, axial diffusion and tur-
bulence in the liquid within the membrane pores which can be estimated from tracer
experiments and the first and second moment of its residence time distribution [48] or cor-
relations [49]. The term δs/δt represents the sink term and is given by protein adsorption
on the material surface (discussed in section 2.2.4.4).
Transport within the liquid film in membrane chromatography is represented as follows:
δs
δt
= kf ∗ (c− cf ) (2.13)
With kf = lumped liquid film mass transfer coefficient (s
−1), c = protein concentration
in mobile phase (mg/ml), cf = protein concentration within the film (mg/ml). Liquid film
mass transfer can be estimated from correlations.
Intra material protein transport includes diffusion in the pores with the protein con-
centration gradient in the pore liquid as driving force and diffusion in the adsorbed phase
with the protein concentration gradient in the adsorbed phase as driving force. Its im-
portance in 3D membrane chromatography materials has long been recognized [49] and
observed qualitatively but the interplay between mass transfer and adsorption has limited
its analysis.
Qualitative analysis of mass transfer in membrane chromatography can be obtained
from visual observations, microscopy or breakthrough curve profiles in dynamic condi-
tions. Modeling approaches have been developed to investigate mass transfer with unique
model framework based on combinations of convective flow and mass transfer and protein
adsorption considerations and in some instances considerations of liquid film mass transfer
and internal material mass transfer considerations [33, 48–50].
Gebauer et al. [49] considered internal material diffusion mass transfer with Langmuir
isotherm for strong cation exchange Sartorius membranes with different base materials and
functional layer grafting density and proteins (lysozyme and BSA). Their model estimates
could reproduce very closely the full breakthrough curves (BTC). Surface diffusion was
identified as limiting step for the high grafting density functional layer membrane material
while pore diffusion was the limiting step for the low grafting density functional layer
membrane material.
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In contrast, Yang and Etzel [33] did not consider mass transfer limitations but consid-
ered more elaborate binding mechanisms, Langmuir model, steric hindrance model and
spreading model for custom made anion exchange microporous poly(vinylidene difluo-
ride) membranes with alpha-lactalbumin and thyroglobulin. Their work indicated that
the spreading model provided the best representation of the experimental BTC. But one
cannot rule out that the spreading model may have also captured internal mass transfer
effects.
Recently, Francis et al. [48] reported on the modeling of protein capture with Mustang
Q anion exchange membranes and ovalbumin as target protein. Their modeling approach
considered flow non-idealities in the external volume, convection, liquid film mass transfer
and four different protein adsorption models, Langmuir, Bi-Langmuir, steric mass-action
and spreading model. Their model parameters were estimated from the fitting of exper-
imental breakthrough curves for four different feed flowrates. Consideration of external
flow non-idealities with the zonal rate model was able to capture the breakthrough curve
broadening due to increasing feed flowrate. Their analysis of the liquid film mass transfer,
based on dimensionless group analysis, height equivalent to a theoretical plate and empiri-
cal correlation, indicated that the liquid film mass transfer was not limiting and thus could
be neglected. Comparison of the four different adsorption models outlines the difficulty in
capturing the strong non-linear behavior of the breakthrough curve, sharp initial increase
and slow increase near saturation. Only the spreading model was able to capture the strong
asymmetry of the experimental BTC obtained at four different flowrates.
Van Beijeren et al. [50] considered the steric mass-action adsorption model, liquid film
mass transfer and convection to investigate the effect of flowrate, pH and salt on protein and
ion exchange type for commercial strong anion and cation exchange Sartorius membranes
with BSA and lysozyme. Their results point to the difficulty in capturing experimental
breakthrough curve for range of salt concentrations and feed flowrates and the different
behavior according to protein and ion exchange type. The need to incorporate salt effect
in model parameter is also suggested.
The status of modeling of protein purification by membrane chromatography was re-
cently reviewed by van Beijeren et al. [51] where the complexity and limited understanding
of these operations was reiterated together with the difficulty in accurately representing
the full breakthrough curve and the lack of correlations and analysis tools available for
these materials.
Mass transfer in membrane chromatography and key literature findings point to the
complexity of the mechanisms involved and the difficulty in clearly understanding the phe-
nomena taking place in the functional layer of the membrane material. As details of protein
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internal transport and protein adsorption are included, model parameter identifiability and
discrimination becomes challenging. Multiple combinations of parameters can reproduce
the experimental breakthrough curve to the same accuracy. It may be possible that com-
plex adsorption models may capture internal mass transfer elements in their representation
of experimental data when internal mass transfer is not considered. Thus experimentation
to better understand mass transfer mechanisms is needed to account for functional layer
architecture and for the development of accurate models.
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Chapter 3
Challenges for the Determination
and Comparison of Protein
Hydrophobicity with
1-Anilino-8-Naphthalene Sulfonate
(ANS) as Fluorescence Probe
3.1 Synopsis
To analyse the interaction between proteins and membrane adsorber, one has to understand
all participants involved and predict their behaviour in different environmental conditions
such as pH and ionic strength. Chapter 3 therefore is focussing on the hydrophobic char-
acterization of proteins (BSA, IgG and EG2). To estimate their surface hydrophobicity
in different buffers, a characterization method based on ANS as fluorescence probe with
affinity to hydrophobic patches on the protein surface, was adapted from the literature for
the characterization of BSA as model protein and IgG and EG2 as antibodies.
The ANS technique was established by Sarah Armbruster under the direct supervision of
Katharina Hassel, extensive testing with BSA was performed by Ross Arnold and Dorothee
Kurz. Technique optimization and antibody characterization was done by Katharina Hassel
with support from Gianmarco Ferrari. Data analysis was performed by Katharina Has-
sel with support from Sarah Armbruster (fluorescence intensity profile), Dorothee Kurz
(hydrophobicity estimation model) and Ross Arnold (standardization of data). Writing
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was done by Katharina Hassel in collaboration with Ross Arnold (literature comparison).
Experimental planning, data analysis and writing were supervised, reviewed and revised
by Christine Moresoli.
This chapter has been formatted for future submission to Talanta by Katharina Hassel,
Dorothee Kurz, Ross Arnold, Sarah Armbruster and Christine Moresoli, Challenges for the
Determination and Comparison of Protein Hydrophobicity with 1-Anilino-8-Naphthalene
Sulfonate (ANS) as Fluorescence Probe.
3.2 Abstract
Hydrophobicity of proteins can influence significantly their recovery. Relative surface hy-
drophobicity of proteins can be obtained with the fluorescence probe 1-anilino-8-naphthalene
sulfonate (ANS). ANS does not solely interact with proteins via hydrophobicity but can
also interact with proteins by charge interactions.
The first objective of this study was to review and adapt the ANS methodology for
comparison between independent studies with the model protein bovine serum albumin
(BSA). The second objective was to investigate surface hydrophobicity characteristics of
immunoglobulin G (IgG) and EG2 (monoclonal antibody) for pH and ionic conditions
representative of cation exchange chromatography operations. Hydrophobicity analysis
with ANS was modified by expanding the protein concentration beyond the linear range,
using a single reciprocal linear plot (Scott plot) to extract hydrophobicity index (S0) and by
standardization of the data for comparison between conditions and studies. S0 estimates
of BSA from different studies indicated highest relative hydrophobicity at pH 3, lower
hydrophobicity at pH 5 and divergent hydrophobicity estimates at pH 7. The magnitude
of the hydrophobicity index for BSA, IgG and EG2 was affected by pH (5 and 7) and
ionic strength (0 and 1 M KCl). Differences were protein specific and could be related to
reported ANS binding sites for BSA and IgG or used to propose ANS binding sites for
EG2. The higher S0 index for EG2 compared to IgG suggest the presence of ANS binding
sites on its Fab fragment. Further work is needed to confirm the location of the ANS
fragments for EG2, relate hydrophobicity to cation exchange chromatography operations
and to extend this method to other types of monoclonal antibody.
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3.3 Introduction
Hydrophobicity of proteins is a phenomenon describing the tendency of their non-polar
regions to interact with each other which may lead to aggregation [52]. Proteins display
various hydrophobic characteristics according to their amino acid content. When a protein
is placed in an aqueous environment, the amino acids with hydrophobic side chains [53]
will be predominantly buried inside the protein inner region. As the protein structure is
sensitive to environmental conditions such as pH, ionic strength or temperature, these con-
ditions may affect the accessibility of the hydrophobic amino acids that are then partially
exposed at the surface of the protein [54]. As downstream processing of proteins reflects
the protein structure and its amino acid composition, protein hydrophobicity may become
important in these operations [55]. The characterization of hydrophobicity for proteins can
assist with the development of efficient protein recovery operations.
Protein hydrophobicity can be estimated relatively quickly with fluorescent dyes as
probes. Fluorescent dyes bind to hydrophobic patches at the surface of proteins. These
interactions can be monitored by changes of fluorescence intensity. The principle of hy-
drophobicity measurement is simple but the interpretation of hydrophobicity characteristics
is not as straightforward as each fluorescent dye possesses unique charge, solubility char-
acteristics and associated solvent requirements. ANS (1-anilino-8-naphthalene sulfonate),
(Figure 3.11), is an aromatic dye used extensively for the assessment of protein hydropho-
bicity [56–61]. ANS has an anionic character and can be solubilised in aqueous solutions.
CPA (cis-parinaric acid) is also an anionic dye but with negligible aqueous solubility. Unlike
ANS, CPA requires ethanol for solubilization [56]. The charge of ANS and CPA can con-
tribute to the interactions of these dyes with proteins, thus complicating the interpretation
of the results. PRODAN (6-propionyl-2-(N,N-dimethylamino) naphthalene) [54,56,62,63],
which has no charge, can facilitate the investigation of hydrophobicity but is limited by its
low aqueous solubility and the need for an alcohol based solvent.
As mentioned above, the dye protein interaction measured with ANS consists of hy-
drophobic interaction but may also include electrostatic interaction leading to an overes-
timation of hydrophobicity. But the charge character of ANS is advantageous in that the
analysis is conducted in an aqueous environment which represents the natural environ-
ment where proteins are generally found. This is a unique and major advantage of ANS
and explains its use in hydrophobicity studies of proteins. The process of ANS binding
to a protein is generally observed as blue shift in the location of the maximum fluores-
cence intensity (∼390/470 nm excitation/emission) and by its magnitude. Binding sites
1http://www.sigmaaldrich.com/content/dam/sigma-aldrich/structure2/144/mfcd00012560.
eps/_jcr_content/renditions/large.png
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Figure 3.1: Chemical structure of ANS
are naphthalene and aniline residues that form hydrophobic cavities or ion pairing between
the sulfonate group and a close positively charged side chain [56,58].
Hydrophobicity estimates obtained with the ANS method are deduced from changes
of the fluorescence intensity at different protein concentrations expressed as the slope of
fluorescence intensity and protein concentration [64]. This estimation method has a number
of limitations. Firstly, sufficient difference in fluorescence intensity is required to capture
the interactions between ANS and the protein. This will generally require a wide range
of protein concentration. Depending on the availability of protein, the number of protein
concentration conditions and replicates may be limited. One also has to keep in mind
potential fluorescence signal quenching at high protein concentration causing non-linear
relationship between the fluorescence intensity and protein concentration. Research groups
so far have reduced protein concentration and only operated in the linear range, or increased
ANS concentration to expand the linear range which is wasteful and cannot be extended
infinitively due to quenching effects.
Hydrophobicity estimates, deduced from the slope of fluorescence intensity and protein
concentration, may be confounded with equipment characteristics which limits its compar-
ison between different instruments. In this context, the capture of non-linear relationship
and standardization of the hydrophobicity estimates are desired. Methods for the capture
of non-linear relationship have been developed for saturation kinetics by converting the non
linear relationship to a linear format. Linearization can be obtained by double reciprocal
plots as developed for the estimation of enzyme kinetic parameters. But this linearization
approach may include bias according to the range of experimental data. Alternative lin-
earization methods include single reciprocal linear plot, such as the Scott plot [65]. The
application of the Scott plot for the representation of ANS protein fluorescence intensity
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data according to protein concentration will generate a plot of the protein concentration
divided by the fluorescence intensity versus the protein concentration, with the slope as
the inverse of the hydrophobicity index.
Hydrophobicity estimates of proteins with ANS have focused extensively on bovine
serum albumin (BSA), [57, 58, 61]. In these studies, ANS concentration was in the range
of 10−4 to 10−6 M (final concentration) and BSA concentrations up to 0.025% w/v. The
number of ANS binding sites on BSA is not clear. Togashi [60] reports five binding sites
per BSA molecule whereas Cattoni et al. [58] reports six ANS molecules bound to BSA.
Cattoni et al. [58] also proposed that differences of ANS binding sites on BSA could be
explained by conformational transformation of BSA taking place under specific experi-
mental conditions where surface sites turn into hydrophobic cavity. It is important to note
that these observations do not exclude the contribution of electrostatic interactions to the
observed ANS and BSA binding.
Seeing the challenge and dynamic nature of ANS and protein interaction for small
protein molecules, one can imagine the complexity for larger protein molecules such as
antibodies. For example, polyclonal human IgG is an antibody mixture of unlike molecules
identifying different parts of an antigen. Antibodies consist of two light and two heavy
chains where each chain contains variable and constant regions. The chains are connected
by disulfide bonds which, when split, lead to two antigen binding fragments (Fab) and one
crystallisable fragment (Fc) – each of these fragments being a potential site for interaction
with ANS. Studies are divergent in terms of the location and number of ANS binding sites
to IgG. One study reported two binding sites on the Fab region and indicated the presence
of potential additional ANS binding sites in the Fc region [66]. Another study confirmed
the existence of two weak hydrophobic binding sites on the Fc region (CH2 area) [67]. A
further report indicates the higher amount of hydrophobic surface patches available for
ANS after heat treatment of the IgG [68].
Monoclonal antibody differs from polyclonal antibody (IgG), by their identical chains.
For example, EG2 is a chimeric heavy chain antibody containing only heavy chains which
are furthermore shorter than the ones found in IgG, as described by Bell et al. [18]. No
previous hydrophobicity studies with ANS and EG2 have been reported. But ANS and the
monoclonal antibody adalimumab showed higher ability to bind to ANS than polyclonal
IgG [68].
The aim of this study was to use ANS and estimate the relative hydrophobicity for a
number of proteins. The first step was based on ANS and BSA, as model protein, and
clarification of the fluorescence intensity profile over a broad excitation/emission range and
BSA concentration. The presence of fluorescence saturation and the analysis of non-linear
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fluorescence intensity profiles were considered. Attention was also given to the standard-
ization of hydrophobicity estimates such that comparison with independent studies could
be achieved. Lastly, the technique was extended to polyclonal antibody (IgG) and mono-
clonal antibody, EG2, with respect to their pH and ionic conditions for better knowledge
of their downstream processes.
3.4 Material and Methods
3.4.1 Reagents and Solutions
The ammonium salt of 8-anilino-1-naphthalenesulfonic acid (ANS), fluorescence grade,
97.0% purity (# 10417) and bovine serum albumin (BSA), lyophilized powder, 96.0%
purity (# A3912) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Immunoglob-
ulin G (IgG) was obtained from Equitech-Bio, Inc. (Kerrville, TX, USA). For the buffer
preparation, citric acid, anhydrous (EMD, Tokyo, Japan) and sodium phosphate, dibasic,
heptahydrate (EMD, Darmstadt, Germany) were used. The ionic strength of the buffer was
adjusted with either sodium chloride (NaCl) (BDH, Toronto, ON, CA) or potassium chlo-
ride (KCl) (EMD, Billerica, MA, USA). EG2 was supplied by Dr. Durocher, Biotechnology
Research Institute, Montreal, Canada.
3.4.2 Buffer, Protein and ANS Preparation
All protein samples were prepared in a phosphate-citrate buffer (pH 3, 5 or 7). The desired
pH was obtained with 0.1 M citric acid and 0.2 M sodium phosphate, dibasic, heptahydrate.
A BSA stock solution was prepared at a concentration of 0.02% w/v and diluted with the
appropriate buffers to obtain solutions with at least four different BSA concentrations in
the range of 0.0025%-015% (all w/v). IgG stock solution was 0.16% w/v and used to
prepare solutions with concentrations in the range of 0.005%-0.08% w/v (four additional
concentrations). Due to the limited supply of EG2, four different concentrations were
investigated (0.005%-0.02% w/v). NaCl (0.5 and 1 M) was selected for BSA as means to
compare with literature values while for EG2 and IgG, KCl was selected (1 M). A 10 x
ANS stock solution (1.62 mM in MilliQ water) was freshly diluted with the appropriate
buffer on each experiment day and could be kept for four weeks when stored in the fridge
and without light.
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3.4.3 Fluorescence Analysis
Fluorescence of all samples was measured with quartz cuvettes using a Cary Eclipse Fluo-
rescence Spectrophotometer (Agilent Technologies). PMT was set to 575 and both excita-
tion and emission slits were set at 5 nm. All conditions were run in triplicate. Fluorescence
intensity for EEM (excitation/emission) spectra was obtained for a range of 250-430 nm
excitation and 300-600 nm emission. All solutions were prepared in pH 7 phosphate citrate
buffer with concentrations of 0.08 mM ANS and 0.2% w/v BSA. Contour plots were pro-
duced in MATLAB. Fluorescence intensity for hydrophobicity estimation was measured
at an excitation wavelength of 390 nm and an emission wavelength of 470 nm. The fluo-
rescence intensity (FI) of a 3.5 ml protein sample at different concentrations (%w/v) was
measured before and after addition of 20 µl of 0.162 mM ANS and subsequent mixing. The
difference between the fluorescence intensity of the protein solution with and without ANS
was referred to as net fluorescence intensity (Equation 3.1) representing the fluorescence
change due to the binding of ANS to the protein.
FInet = FI+ANS − FI−ANS (3.1)
With FInet: net fluorescence intensity (-); FI+ANS fluorescence intensity with ANS (-);
FI−ANS: fluorescence intensity without ANS (-);
3.4.4 Protein Hydrophobicity Estimation
Protein hydrophobicity estimation (for more information see Appendix 1), given as hy-
drophobicity index (S0), was adapted from Haskard and Li-Chan, 1998 [54] without mod-
ifications for IgG and EG2 and with modifications for BSA. For IgG and EG2, a plot of
the net fluorescence intensity against protein concentration had a linear relationship and
its slope was used to estimate the protein hydrophobicity index (S0). For BSA, the net flu-
orescence intensity according to protein concentration exhibited a non-linear relationship
and saturation behaviour. To account for this non-linear behavior and use all FInet values,
the Scott plot (Equation 3.2) was adopted. Mathematically, hydrophobicity index S0 can
be extracted from the first derivative at small protein concentrations. Alternatively, the
authors used FImax directly to compare hydrophobicity between different conditions.
c
FInet
=
KM
FImax
+
c
FImax
(3.2)
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With c: Protein concentration (%w/v); FInet: net fluorescence intensity (-); FImax:
maximum fluorescence intensity (-); KM : protein equilibrium constant (-).
As the hydrophobicity index represents the change of fluorescence intensity for a given
protein concentration change, its comparison between independent studies is limited but
could be improved by standardization of the data as will be discussed in this study.
3.4.5 Data Analysis
To determine if data sets were significantly different from each other, the Student t-test
was used assuming a two tailed distribution and a confidence level of 95% (α = 0.05).
3.5 Results and Discussion
3.5.1 Fluorescence Characteristics of BSA and ANS
Different excitation/emission (ex/em) values are reported in the literature to capture the
fluorescence intensity of the ANS-BSA complex. Reported values include 390/470 nm
ex/em [54, 56], 350/480 nm ex/em [57] and 380/480 nm ex/em [58, 60]. In order to com-
pare these values and identify the location of the maximum fluorescence intensity for the
ANS-BSA complex, the emission profile at different wavelength and for different excitation
conditions was conducted. Fluorescence intensity according to excitation and emission
conditions is presented in Figure 3.2 for ANS, BSA and the ANS-BSA complex respec-
tively. A ridge of fluorescence intensity located at the bottom region of the fluorescence
excitation emission profile was observed for all samples and corresponds to the Rayleigh
light scattering region which will not be considered in this study. As expected, ANS
by itself (Figure 3.2 a)) had very low fluorescence intensity (FI < 15) at concentrations
below 0.1 mM. Fluorescence intensity was located predominantly at 350/520 nm excita-
tion/emission, as previously stated by Cardamone and Puri [57] and to a lower extent
at 290/520 nm ex/em. In contrast, the fluorescence profile of BSA (Figure 3.2 b) had a
distinct FI maximum at 280/340 nm ex/em which reflects the intrinsic fluorescence of aro-
matic amino acid residues (tryptophan, tyrosine and phenylalanine) [69]. The fluorescence
profile of the ANS-BSA complex (Figure 3.2 c) resembled the profile of ANS (Figure 3.2 a)
but not those of BSA (280/340 nm ex/em). The fluorescence intensity of the ANS-BSA
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complex increased significantly compared to ANS (Figure 3.2 a) and a shift of the fluores-
cence emission to 470 nm at 390 nm excitation was observed as previously reported [54].
The second peak at 290/470 nm ex/em has not been reported in literature. The ANS-BSA
complex had no fluorescence in the 250-300/300-400 nm ex/em region, static quenching
between the fluorophore ANS and the quencher BSA may have occurred as previously de-
scribed by Togashi and Ryder [60]. Based on these observations, 390/470 nm ex/em was
selected to quantify the effect of ANS on protein hydrophobicity.
3.5.2 Estimation of Protein Hydrophobicity
Protein hydrophobicity estimated from net fluorescence intensity (FInet) for ANS-protein
complexes assumes a linear relationship between FInet and protein concentration. This
linear relationship should exist for a sufficiently wide range of protein concentration for
reliable estimates. As illustrated in Figure 3.3 (a and b), the relationship between FInet
and BSA concentration at pH 3 and pH 5 is not clear. There is a levelling of FInet at BSA
concentration above 0.01% w/v. The impact of such relationship on the estimation of the
fluorescence index (S0) can be drastic. When FInet for the entire BSA concentration was
considered, estimated S0 values were 2979 (R
2 = 0.961) and 1703 (R2 = 0.864) for pH 3
and 5 respectively. When FInet for BSA concentration up to 0.01%w/v was considered,
estimated S0 values were 4296 (R
2 = 0.983) for pH 3 and 3179 (R2 = 0.955) for pH 5 (Fig-
ure 3.3 a). An alternative approach to exploit FInet over the entire protein concentration
range and capture the non-linear profile is to generate a linear relationship by transforming
FInet according to Equation 2. Estimated hydrophobicity indices (here FImax) according
to equation 2, were 115 at pH 3 and 69 at pH 5 with the best fit resulting in R2 of 0.996
and 0.999 respectively (Figure 3.3 b). Based on the higher R2 obtained for hydrophobicity
estimates with all FInet values and the Scott plot, this approach was adopted in this study,
FImax was used as a measure of S0.
3.5.3 Standardization of BSA Hydrophobicity Index and Effect
of pH and Ionic Strength
The comparison of published hydrophobicity index for BSA based on ANS interactions
and fluorescence intensity can be affected by the characteristics of the spectrofluorome-
ter instrument and BSA, differences in experimental conditions and potential non-linear
fluorescence relationships (Table 3.1 and 3.2). Hydrophobicity index (S0) reported in the
literature for BSA according to pH and ionic strength range significantly. Alizadeh-Pasdar
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Figure 3.2: Fluorescence intensity according to excitation and emission conditions (a)
0.08 mM ANS solution (b) 0.2% w/v BSA solution (c) 0.08 mM ANS with 0.2% w/v BSA
solution. All in pH 7 phosphate citrate buffer.
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Figure 3.3: Net fluorescence intensity (FInet) according to BSA concentration (%w/v) and
pH (pH 3 • and pH 5). a) FInet, linearised over complete BSA concentration range (black)
and FInet, linearised BSA concentration≤ 0.01 %w/v (grey) and c) modified data according
to Equation 2 (Scott plot) and linearised. Inserts show R2 values and hydrophobicity index
(S0) or FImax.
and Chan [56] reported S0 values of 3020 for BSA at pH 3 while Matulis and Lovrien [59] re-
ported S0 values of 95 for BSA at the same pH but with a different buffer. The comparison
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of hydrophobicity estimates from different laboratory may be possible by standardization
and modulating the differences of a given laboratory. Relative values are obtained by
assigning 100 to the highest hydrophobicity index and other values as fractions of this
maximum.
Standardization of published S0 values for BSA (Table 3.1) was adopted to under-
stand the effect of pH on BSA hydrophobicity. The highest reported hydrophobicity for
BSA was at pH 3 and was assigned to be 100%. The lower relative S0 value at pH 5
compared to pH 3 observed in this study agrees with previous studies. Relative hydropho-
bicity index S0 decreased to 66%, 64% and 60% (Alizadeh-Pasdar, Matulis and this study
respectively). There are however distinctive differences for the hydrophobicity at pH 7
with Alizadeh-Pasdar being significantly different from this study. Matulis et al. reported
a hydrophobicity index similar to their value found at pH 5 (62%), another study indi-
cated that the relative hydrophobicity index at pH 7 further reduced to 30% of its original
value (Alizadeh-Pasdar) whereas this study reported an increase to 71%. Increasing ionic
strength (up to 1 M NaCl) reduced S0 values for BSA to 73.3% (Haskard) and 80.7% (this
study) as seen in Table 3.2.
The effect of pH and ionic strength on BSA-ANS interactions and their relative hy-
drophobicity index can be related to the charge of BSA and its isoelectric point (pI)
(Table 3.3). Knowing that BSA has a pI of 4.7 [70], its overall charge will be negative
at pH above its pI. For these conditions, higher proportion of hydrophobic patches per
protein molecule could be accessible to ANS. Conditions close to its pI (e.g. pH 5) lead
to an overall charge close to zero. Under these conditions, hydrophobic interactions will
predominate and BSA is more likely to aggregate or attach to non charged surfaces leaving
fewer hydrophobic patches available to interact with ANS. Therefore the lowest relative
hydrophobicity index observed at pH 5 could reflect the close vicinity of the pH to the pI
of BSA. Increased relative hydrophobicity index observed at pH 3 and pH 7 reflects the
charge of BSA and charge of ANS. The relative hydrophobicity index at pH 3 (100%) and
pH 7 (71.4%) was quite different even though both pH are approximately the same distance
from the pI. This could be due to the anionic character of ANS and the overall positive
charge that BSA has at a pH below its isoelectric point, leading to binding opportunities
based on charge interaction as well as hydrophobic interactions. Furthermore, literature
reports that at acidic pH, the tertiary BSA structure loosens which would expose more
hydrophobic regions accessible to the ANS probe [71]. The influence of ionic strength on
the relative hydrophobicity index reflects the stabilizing effect of ions on proteins, prevent-
ing ANS from docking to the hydrophobic cavities leading to lower hydrophobicity index
values.
Comparable results to literature values were achieved when using FImax as S0, extracted
46
Chapter 3. Challenges for the Determination and Comparison of Protein Hydrophobicity
with 1-Anilino-8-Naphthalene Sulfonate (ANS) as Fluorescence Probe
Table 3.1: BSA hydrophobicity index (S0) and [Relative S0 (%)] according to pH
Experimental
conditions and
observations
Alizadeh-
Pasdar [56]
Matulis [59] This study
[BSA] 0.005-0.025% 3 µM 0.0025-0.02%
[ANS]
20 µl of 8x10−3 M
in 4 ml
33 mol ANS/
mol BSA
20 µl of 0.162 mM in
3.5 mL
Buffer
0.1 M
sodium citrate
30 mM: sodium for-
mate (pH 3),
sodium acetate (pH 5),
sodium phosphate
(pH 7)
0.1 M sodium citrate
Equipment type Shimadzu RF-540 Perkin-Elmer 650-10S Cary Eclipse (Agilent)
Ex/Em/slit
width(nm)
390/470/5 No information 390/470/5
pH 3 30201 [100] 9.51 [100] 114.8±2.3∗ [100±2.0∗]
pH 5 20001 [66.2] 6.11 [64.2] 68.9±1.7∗ [60.0±2.4∗]
pH 7 9001 [29.8] 5.91 [62.1] 82.0±0.4∗ [71.4±0.4∗]
1Extracted from tables and figures and converted to relative values;
∗denotes significant (α = 0.05) influence of pH on H.
from the saturation curve. However mathematically, S0 is defined as FImax/KM (compare
Appendix 1). This is questioning the method of extracting hydrophobicity and the meaning
of S0 and might explain differences in reported values.
3.5.4 Hydrophobicity Index of BSA, Immunoglobulin G (IgG)
and EG2
Hydrophobicity of proteins has a critical role in protein recovery operations where hy-
drophobicity can be detrimental to the operation and protein quality. Knowledge of hy-
drophobicity characteristics for therapeutic proteins such as monoclonal antibody is re-
quired for proper design of purification operations.
Table 3.3 presents the hydrophobicity index of BSA, polyclonal IgG and a monoclonal
EG2. S0 values were selected for comparison within the same study. There was no need to
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Table 3.2: BSA hydrophobicity index (S0) and [Relative S0 (%)] according to ionic strength
(NaCl)
Experimental
conditions and
observations
Haskard and Chan2 [54] This study
[BSA] 0.005-0.025% 0.0025-0.02%
[ANS] 20 µl of 8x10−3 M in 4 ml
20 µl of 0.162 mM in
3.5 mL
Buffer 0.1 M sodium citrate pH 7 0.1 M sodium citrate
Equipment type
Perkin-Elmer LS 50B,
Shimadzu RF-540
Cary Eclipse (Agilent)
Ex/Em/slit
width(nm)
390/470/5 390/470/5
0 M 22501 [100] 82.0 0.4∗ [100 0.4∗]
0.5 M 17501 [77.8] 70.1±1.3∗ [85.5±1.9∗]
1 M 16501 [73.3] 66.2±0.4∗ [80.7±0.5∗]
1Extracted from tables and figures and converted to relative values;
2study was conducted at 30◦C instead of room temperature
(21±1◦C);
∗denotes significant (α = 0.05) differences of ionic strength on H.
standardize these values. Conditions are reflecting bind and elute ion exchange chromatog-
raphy operations. Noted changes of hydrophobicity reflected the changes in hydrophobic
region accessibility to the ANS probe in different environmental conditions.
Hydrophobicity index (S0) at pH 5 and 0 M KCl was 25 for IgG and 45 for EG2
compared to 69 for BSA. The value of S0 of BSA and IgG at pH 5 was not statistically
different when the ionic strength increased to 1 M KCl. In contrast, increasing pH to 7
at 0 M KCl influenced significantly H. In the case of BSA, S0 increased to 82, for IgG, S0
decreased to 11 and S0 decreased to 13 for EG2. Increasing the ionic strength at pH 7 to
1 M KCl, S0 decreased to 62 for BSA but remained relatively similar for IgG and EG2.
Therefore pH influenced significantly the hydrophobicity index for all proteins whereas the
influence of ionic strength was significant only for BSA at pH 7. The magnitude of the
fluorescence index according to protein type was HBSA >HEG2 >HIgG at pH 3 with and
without KCl and for pH 5 and pH 7 and 0 M KCl. At pH 5 and 1 M KCl, the magnitude of
the fluorescence index was HBSA=HEG2 >HIgG. At pH 7 and 1 M KCl, the hydrophobicity
index at pH 7 was similar for EG2 and IgG and statistically significantly lower than BSA.
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Table 3.3: Characteristics of BSA, IgG and EG2 and their hydrophobicity index according
to pH (5 and 7) and ionic strength (0 and 1 M KCl)
Characteristics BSA IgG EG2
MW (kDa) 66.4 150 84
pI (-) 4.7
5.5-10 (with 80%
above pH 7)
7.7
# ANS binding sites 5 [60] or 6 [58]
2 Fc + 2 Fab [67] or
2 Fc [66]
unknown
Experimental
conditions
Hydrophobicity index S0 (-)
pH 5
0 M KCl 68.9±1.7∗+ 25.0±0.1∗+ 45.0±1.8∗+
1 M KCl 59.7±0.7 24.0±0.6∗+ 51.4±9.8∗
pH 7
0 M KCl 82.0±0.4∗−+ 11.2±0.1∗+ 12.5±0.1∗+
1 M KCl 62.0±0.8−+ 8.8±0.8∗ 10.1±5.4∗
∗Denotes statistically significant (α = 0.05) influence of pH at constant ionic strength;
−denotes statistically significant (α = 0.05) influence of ionic strength at constant pH;
+denotes statistically significant (α = 0.05) differences between proteins.
The increased standard deviation for EG2 at high ionic strength could be due to the lower
number of concentrations used (limited supply) or due to an increased influence of salt on
the monoclonal antibody and needs further investigation.
The differences in pI of IgG and EG2 (above 7) and the pI of BSA (4.7) may explain
the opposite effect that pH had on their fluorescence index. When pH increased from 5
to 7, the hydrophobicity index for IgG and EG2 decreased significantly at the two ionic
strength conditions due to their overall charge close to zero at pH 7. The same pH increase
had different effect for BSA as its overall charge was near 0 at pH 5 and negative at pH 7.
The pH conditions were well below the pI of the antibodies, the biomolecules were already
stabilized by pH, a further stabilizing effect over additional salt ions did not lead to a
significant effect.
The differences in the magnitude of the hydrophobicity index according to protein type
could also be related to the number of ANS binding sites. Literature indicates that the
number of ANS binding sites for BSA is 5 [60] or 6 [58] whereas for IgG only 2 weak
binding sites at the Fc region are reported and the number of ANS binding sites for the
Fab region is not clear [66,67]. There is no information available on the ANS binding sites
for EG2. The number of binding sites per protein supports the magnitude of the protein
hydrophobicity index observed in this study (HBSA >HEG2 >HIgG). BSA has more ANS
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binding sites (up to 6 (3 weak + 3 strong)) than IgG (4 (2 weak Fc + 2 weak/strong Fab))
leading up to seven times higher hydrophobicity index values. The fluorescence intensity
as well as the hydrophobicity index value of EG2 was significantly higher when compared
to IgG. Based on the fluorescence characteristics of the EG2-ANS complex, proposed ANS
binding sites for EG2 are presented in Figure 3.4.
Figure 3.4: Schematic representation of a) BSA with its three domains (I, II and III) and
subdomains (A and B each), b) IgG and c) EG2 with Fab (Fragment antigen binding), Fc
(Fragment crystallisable), V (Variable region), C (Constant region), H (Heavy chain) and
L (Light chain). ANS binding sites found in literature (a and b) and proposed binding
sites (c) are represented as dots with strong ANS-Protein interaction (dark grey) and weak
ANS-Protein interaction (light grey).
The discrepancy between the reported number of ANS binding sites in the Fab region
of IgG may be due to its polyclonal character [68]. Polyclonal antibodies possess antigen
binding fragments with different amino acid sequences. These small changes might affect
ANS interaction. In a polyclonal mixture, only a fraction of the molecules will possess the
ANS binding sequence leading to small fluorescence intensity as observed in this study and
others [66,67]. Monoclonal antibody, on the other hand, is made up of identical molecules.
Since FInet values were higher with EG2, one can assume that it must possess a sequence
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with stronger interactions with ANS. Furthermore it is not only a fraction of molecules but
all of them due to the identical character.
3.6 Conclusion
Characterization of hydrophobicity of proteins with the ANS fluorescence probe was se-
lected because of the aqueous solubility of ANS and the extensive work conducted with
ANS. Fluorescence characteristics and analysis were first reviewed and refined and subse-
quently used to characterize the hydrophobicity of three proteins, BSA, IgG and EG2 at
different pH and ionic strength conditions. Using ANS as fluorescence probe did not allow
to distinguish between hydrophobic and electrostatic interactions between the proteins and
the probe.
Major outcomes of this study are as follows:
1. Fluorescence excitation/emission conditions for ANS and BSA were established by
mapping the fluorescence intensity according to excitation and emission wavelength.
2. The range of protein concentration and ANS concentration affect their interaction
and their relationship which may be linear (known) or show saturation behaviour (not
discussed in literature). Linearization of fluorescence intensity according to the full
protein concentration range was achieved by creating Scott plot (single reciprocal
plot) and then extracting the hydrophobicity index from the inverse slope of the
Scott plot (FImax). Mathematically this was not identical to the initial slope S0
(= FImax/KM) but led to best comparable results with literature. More analysis is
proposed to address the problematic of defining hydrophobicity as an index.
3. The instrument, BSA characteristics, experimental conditions and data analysis have
a significant impact on the magnitude of hydrophobicity index values. A comparison
of hydrophobicity index generated in independent studies was obtained for BSA by
standardization of the data.
4. Hydrophobicity index according to pH and ionic conditions common to chromatog-
raphy purification operations for BSA, IgG (polyclonal antibody) and EG2 indicate
that pH had significant effect on the hydrophobicity index of all proteins while ionic
strength was only significant for BSA at pH 7. The magnitude of the hydrophobicity
index for most pH and ionic strength conditions was HBSA >HEG2 >HIgG.
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(a) IgG, a polyclonal antibody, showed low fluorescence intensity which may be due
to its different Fab sequences resulting in different interactions with ANS.
(b) Monoclonal antibody will interact with ANS in the same way for all its molecules.
If ANS binding sites exists in its Fab region, its fluorescence intensity will be
higher than polyclonal antibodies.
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3.8 Appendix
3.8.1 Hydrophobicity estimation and the meaning of a hydropho-
bicity index
Early methods to determine hydrophobicity include analysis of the primary structure of
proteins and their content of hydrophobic amino acids. This however does not resemble the
three dimensional structure of proteins and the so called surface or effective hydrophobicity
when proteins interact with each other or with a hydrophobic surfaces. Better techniques
include the definition of a hydrophobic coefficient (∆ log K) that is describing the difference
in partition of proteins in an aqueous two-phase system. With increasing amounts of
hydrophobic patches on the protein surface, the affinity to the apolar phase will increase
as well [72]. This technique however is not only time consuming, but also limited to the
number of conditions used in the two-phase system. In protein purification, hydrophobicity
is an important tool since protein surface hydrophobicity can change according to pH and
ionic strength, two factors that are frequently adjusted in protein downstream processes.
A detection of changing protein hydrophobic tendencies with changing buffer conditions
can be followed with fluorescence probes. Previous studies reported the use of various
fluorescence probes to determine a hydrophobicity index by extracting the initial slope
(S0) when plotting fluorescence intensity versus protein concentration. This initial slope
is proportional to the amount of bound protein [73] and a linear correlation between ∆
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log K and was S0 found [64] indicating that the initial slope, under conditions of excess
probe, can be used as hydrophobicity index or effective hydrophobicity of proteins [54].
The authors understand the physical meaning of S0 to be the extinction coefficient of the
protein-probe complex at equilibrium. The linear relationship between fluorescence and
protein concentration however is not indefinite. Either a limit of ANS availability or a
quenching effect of either ANS or protein concentration will lead to saturation kinetics
similar to the one found in enzyme kinetics.
FInet =
FImax ∗ c
KM + c
(3.3)
With FI = fluorescence intensity (-), c = protein concentration (%w/v) and KM =
protein equilibrium constant.
When operating in the linear region a very narrow range of protein concentrations
might be observed leading to a low resolution and potentially high error of the test. To
avoid these problems the saturation curve might be used as well by analyzing the initial
slope with the first derivative of equation (1) at low protein concentrations:
S0 = lim
c→0
dFInet
dc
=
FImax
KM
(3.4)
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Chapter 4
Role of pH and Ionic Strength on
Macroporous Hydrogel Weak Cation
Exchange Membrane and IgG
Capture
4.1 Synopsis
This chapter focuses on weak cation exchange macroporous hydrogel membrane material
characterization and IgG adsorption. Zeta potential, global and relative swelling as well
as membrane pore structure visualization is discussed. Static IgG binding and elution
studies were performed at different pH and ionic strength conditions to identify pH and
ionic conditions for maximum IgG binding and recovery and to relate these conditions to
material properties.
All experimentation was performed by Katharina Hassel. Sample preparation for the
Field Emission Scanning Electron Microscopy (FESEM) image analysis was done by Katha-
rina Hassel and imaging performed by Nina Heinig (Chemistry Department, University of
Waterloo). Zeta potential measurements were performed with the electrokinetic analyzer
from Dr. Sigrid Peldszus (Civil and Environmental Engineering, University of Waterloo).
Data analysis and writing was completed by Katharina Hassel with contribution from
Kamyar Ghofrani and Maximilian Fondyga for the FESEM image analysis. Experimental
planning, data analysis and writing were supervised and reviewed by Christine Moresoli.
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4.2. Abstract
This chapter was submitted to Journal of Membrane Science (December 2014), Katha-
rina Hassel, Christine Moresoli, Role of pH and ionic strength on weak cation exchange
macroporous hydrogel membranes and IgG capture.
4.2 Abstract
The surface charge of weak cation exchange membranes, consisting of functionalized macro-
porous hydrogel coated nonwoven support material, was related to its global swelling. Pore
size visualization and analysis by Field Emission Scanning Electron Microscopy (FESEM)
of hydrated membranes subjected to freeze drying preserved the hydrogel macroporous
structure and showed pores generally an order of magnitude larger than Immunoglobulin
G (IgG). At pH 6 and higher, the membrane average pore size was high reflecting the strong
negative charge of the carboxylic acid groups. At pH below 5.5, the membrane average
pore size was lower reflecting the nearly zero surface charge of the membrane material.
The charge of IgG was the predominant factor responsible for IgG binding and elution.
Maximum IgG binding capacity was observed at pH 4.8 and 0 M KCl, whereas highest IgG
elution was obtained at pH 7 and 0 M KCl. The presence of KCl at pH 4.8 decreased IgG
binding capacity while KCl addition at pH 7 did not affect IgG recovery but KCl addition
was required for IgG elution at pH 4.5.
4.3 Introduction
Purification of biopharmaceuticals is predominantly achieved in packed-bed chromatogra-
phy columns with affinity or ion exchange ligands [15]. Recently, membrane chromatog-
raphy has attracted attention as potential alternative to resin chromatography for re-
combinant protein purification [37, 43, 74]. Membrane chromatography also referred to as
membrane adsorber, typically consists of functionalized porous membrane materials with
ligands, increasing the range of membrane separation applications beyond pure size parti-
tion [75–77].
The major advantage of membrane adsorbers, when compared to resin chromatography,
is their open pore structure offering convective flow, which provides direct access to the
ligands, offers negligible diffusion limitation, high flow rates, reduced processing times and
decreased elution volumes [37, 76]. The binding capacity becomes nearly independent of
flow rate allowing the use of high flow rates and achieving high productivity [78]. The major
disadvantage of membrane chromatography resides in the reduced binding capacity caused
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by the low functionalized surface to bed volume ratio and uneven inlet flow distribution
conditions. The reduced binding capacity can become a significant limitation particularly
in the bind and elute capture mode while having less pronounced effect in the flow through
mode for impurity removal.
Membrane chromatography can be distinguished according to the structural organiza-
tion of the functionalized material, polymeric coated or surface grafted porous materials
such as Mustangr and Sartobindr and polymer support with pore filled functionalized
hydrogel layer like Natrixr materials [39, 79, 80]. Polymer supported hydrogel membrane
adsorbers are expected to have superior binding capacity. Their high binding capacity is
believed to be caused by the increased functional group density of the gel layer.
The fibrous backbone material of hydrogel filled membranes provides a large pore net-
work. By introducing the functionalized hydrogel, the relative pore size is dependent on the
crosslink density. With increasing crosslink density, the average pore size decreases [81].
Hydrogels with ion exchange capacities furthermore have the ability to change their pore
size according to environmental settings [82]. Visualization and characterization of the
pore structure for hydrogel materials is challenging because of the sensitivity of the ma-
terial to the environmental conditions but remains important when predicting membrane
performance [82–84].
Cation exchange membrane adsorbers containing methyl sulphonate (S) and carboxy-
methyl (C) functional groups have attracted significant interest as potential replacement
for the expensive Protein-A affinity resin chromatography currently used in the capture
of monoclonal antibodies. Carboxymethyl (C) functional groups, referred as weak cation
exchange, offer variable ionization according to pH conditions while methyl sulphonate
groups (S), referred as strong cation exchange, are completely ionized over a wide pH
range and very stable [85, 86]. The modulation of the exchange capacity for weak cation
exchangers according to pH can generate different selectivity which can be advantageous
in some purification applications [87].
In cation exchange chromatography, protein capture results from electrostatic interac-
tions where binding capacity and recovery is maximized by manipulating pH and ionic
strength conditions [88–90]. Protein binding will occur when the protein net charge is
positive and the matrix has negative charge. Protein elution will occur when electrostatic
interactions are disrupted, such as increasing ionic strength by salt addition. Some studies
have shown that hydrophobic forces may also be present and contribute to non-specific
protein binding [91, 92]. Such interactions may reflect the hydrophobicity of the material
or the presence of hydrophobic patches in protein. For example, Hofstee suggested that
accessible hydrophobic groups on protein molecules (BSA, lysozyme) interact with agarose
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adsorbents containing hydrophobic domains leading to collective hydrophobic and elec-
trostatic forces making difficult protein elution due to the strong nature of the collective
binding [93]. To our knowledge, the effect of surface charge profile, swelling and surface
pore characteristics of cation exchange membrane material has not been investigated for
IgG capture. Published studies have focused on material development or optimization of
pH and ionic strength conditions for protein binding and elution.
In the present study, the contribution of electrostatic interactions, membrane swelling
and pore size to the capture of IgG with commercial weak cation exchange macroporous
hydrogel membrane was assessed by decoupling IgG binding and elution according to pH
and ionic strength conditions.
4.4 Experimental
4.4.1 Membrane Material
Weak cation exchange (C) hydrogel membranes (47 mm diameter discs with 275 µm average
thickness and 0.399 ml total volume) were provided by Natrix Separations Inc. (Burlington,
Ontario, Canada). These membranes are macroporous crosslinked polyacrylate hydrogels
containing a high density of pendant carboxylate (carboxyethyl) binding groups physically
reinforced by an inert polymeric (polyolefin) web. Detail of their manufacture is proprietary
information.
4.4.2 Membrane Zeta Potential
Zeta potential (ζ) estimation was adapted from Ariza et al. [94]. The zeta potential was
estimated from the streaming potential measurement obtained with a SurPASS electroki-
netic analyzer (Anton Paar, Austria). The experiments were conducted with deionized
water adjusted to different pH (4.5-7). The membrane sample, positioned in the sample
holder, was placed in the electrokinetic analyzer, where the streaming potential was mea-
sured between the clamping cell and the membrane material. Measurement points were
taken between 0 and 500 mbar. Measurements were done in triplicates in two indepen-
dent experiments. The pH adjustment was achieved directly in the system beaker, so that
membrane rearrangement in the holder would not influence the measurement or increase
the error. Equation (4.1) was used to estimate the zeta potential.
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ζ =
dl
dp
∗ η
 ∗ 0 ∗
L
A
(4.1)
With: dl/dp = slope of the streaming potential versus pressure curve; η = elec-
trolyte viscosity (kg/ms);  = dielectric constant of electrolyte (-); 0 = vacuum permit-
tivity (F/m); L = length of the streaming channel (m); A = cross-section of the streaming
channel (m2).
4.4.3 Membrane Global Swelling
Membrane global swelling was estimated by immersion in phosphate citrate buffer and
gravimetry. Global swelling estimates represent fluid retention via absorption in the bulk
of the hydrogel and within the open pore structure of the material. Phosphate citrate
buffer with different pH were prepared with 0.1 M citric acid, anhydrous (EMD, Tokyo,
Japan) and 0.2 M sodium phosphate, dibasic, heptahydrate (EMD, Darmstadt, Germany)
stock solutions. A section of a 47 mm membrane disc, 0.025 g (±0.002) dry mass (with a
Mettler AE 100 balance, readability 0.1 mg), was immersed in 20 ml conditioning buffer
for 36 hours. The mass of the membrane sample was estimated again after 10 minutes
equilibration at 23◦C and 32% relative humidity. Two independent experiments with
triplicate measurements were conducted for pH between 4.5 to 7 and ionic strength 0 to
1 M (achieved by KCl addition (EMD, Billerica, MA, USA)). The equilibrium swelling
ratio (qs) was calculated according to Equation (4.2) [95].
qs =
mswollen
mdry
(4.2)
Where qS is the swelling factor (-), mswollen is the mass of swollen membrane (g), and
mdry is the mass of dry membrane (g).
4.4.4 Membrane Relative Swelling
Membrane relative swelling (Hs) was analyzed with the same immersion methodology as
for the global membrane swelling (4.4.3) with the exception that the membrane sample was
immersed in aqueous 70% isopropanol (Sigma Aldrich, St. Louis, MO, USA). Membrane
relative swelling was estimated as the ratio between the membrane swelling in aqueous
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70% isopropanol to the membrane swelling in phosphate citrate buffer and different pH
and ionic strength conditions (Equation (4.3)) [96].
Hs =
qs,I70
qs,buffer
(4.3)
Where Hs is the membrane relative swelling (-), qs,I70 is the membrane swelling factor in
70% isopropanol (-), and qs,buffer is the membrane swelling factor in buffer conditions (-).
4.4.5 Membrane Pore Size Analysis
Membrane pore structure was visualized by Field Emission Scanning Electron Microscopy
(FESEM) [44]. Membrane samples (5x5 mm) were mounted on small FESEM sample
stands, sputter coated with a fine layer of gold particles (FESEM gold coating unit Desk
II, Denton Vacuum, USA) for conductivity, and placed in the FESEM (Leo 1530, Carl
Zeiss AG, Germany) for image acquisition. The working parameters for the FESEM were
10 kV and the secondary electron signal (SE2). The magnification was 5000 x (unless
stated otherwise) and three images at different positions on the membrane sample were
taken for each sample.
As FESEM imaging can only handle non-hydrated materials, water removal was re-
quired prior to the analysis of the samples. Two water removal techniques were considered
and compared, air drying (24h, room temperature (21±1◦C)) and freeze-drying (Epsilon
1-4 Freeze Dryer [Martin Christ, Germany] during 22 hours). Native non-hydrated mem-
brane samples subjected to air drying and freeze-drying and hydrated (24 hours while
being shaken at 80 rpm in phosphate citrate buffer at pH 4.5, 6.0 and 7.0 with 0 M and
1 M KCl addition) membrane samples subjected to air drying, freeze-drying or air drying
with subsequent freeze-drying were investigated. The pore diameter distribution and av-
erage pore diameter were estimated with Pore Image Processor in MATLAB. The black
and white contrast of the FESEM images was corrected with the Background Correction
function. Light areas of the image were identified as pores, therefore black and white areas
were inverted prior to processing. Binary operations were used to further refine the pores
recognized by the program. Correction and threshold values affect pore size estimates and
should therefore be selected carefully and use consistently to all images. A background
correction value of 100, and a threshold value of 200 were selected. The validity of the
correction values was verified by comparing the pore shape and size before and after cor-
rection [44]. A Majority followed by two Erode, and one Dilate operations were selected.
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4.4.6 Static Immunoglobulin G (IgG) Binding and Elution
Immunoglobulin G (IgG) was obtained from Equitech-Bio, Inc., Kerrville, TX, USA. All
experiments were performed in closed 20 ml vials at room temperature (21±1◦C). Static
IgG binding experiments were conducted in phosphate citrate buffer (see 4.4.3) with 0.5 g/l
IgG initial concentration and desired pH (4.5 to 5.5) and KCl concentration (0 to 100 mM).
Elution of IgG was conducted in phosphate citrate buffer (see 4.4.3) with desired pH (4.5
to 7) and KCl concentration (0 to 1 M). A membrane sample, 0.025 g (±0.002) dry weight,
was first conditioned by equilibration for 2 hours in 5 ml of phosphate citrate buffer
of the desired pH and KCl concentration (without IgG) and shaking (120 rpm) with a
GyrotoryrShaker-Model G2 (New Brunswick Scientific Co. Inc, Edison, NJ, USA). After
equilibration, the membrane sample was removed and transferred to a new vial containing
10 ml of 0.5 g/l IgG phosphate citrate buffer of the desired pH and KCl concentration and
incubated with shaking at 120 rpm. After 5 hours incubation, the membrane sample was
removed. The IgG concentration in the supernatant was estimated by UV absorbance at
280 nm with a SpectronicTM GENESYSTM 5 UV-vis spectrophotometer (Milton Roy, now
under Thermo Scientific, Waltham, MA, USA). The amount of bound IgG per membrane
volume (ml) was obtained by difference according to Equation (4.4).
q = (c0 − cf ) ∗ Vs
Vm
(4.4)
With: q = IgG binding capacity (mg IgG/ml membrane), c0 = initial IgG concentra-
tion (mg/ml), cf = final IgG concentration (mg/ml), Vs = volume of solution (ml), Vm =
volume of dry membrane (ml).
Elution was achieved by transferring the membrane sample to a new vial containing
15 ml of elution buffer. After 2 hours of incubation with shaking at 120 rpm, the IgG
concentration of the solution was determined by UV absorbance at 280 nm. The IgG
recovery from the membrane was determined with Equation (4.5).
%Recovery =
(ce ∗ Ve)
(c0 − cf ) ∗ Vs ∗ 100 (4.5)
With ce = IgG concentration eluted from membrane (mg/ml), Ve = elution vol-
ume (ml).
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4.4.7 Data Analysis
To determine if two data sets were significantly different from each other, the Student t-test
was used assuming a two tailed distribution and a confidence level of 95% (α = 0.05).
4.5 Results and Discussion
4.5.1 Membrane Apparent Zeta Potential
Charge characteristic of the membrane material, obtained as apparent zeta potential at
0 M KCl, is shown in Figure 4.1 (a). The apparent zeta potential profile reflects the
ionization of the carboxylic acid ligands. Slightly positive apparent zeta potential was
observed at pH 4.5, 6.8 mV, which decreased with increasing pH, becoming zero at pH 5.3
and strongly negative at pH 7, -40 mV. The observed zero apparent zeta potential at
pH 5.3 is in agreement with the pKa value of the membrane material reported by the
manufacturer, between pH 4.7 and 5.3. Strong negative zeta potential, -50 mV at pH 7,
was reported previously by Tzoneva et al. [97] for carboxylic acid functionalized poly(ether
imide) membranes.
4.5.2 Membrane Global Swelling
Membrane global swelling was affected by pH and ionic strength (Figure 1 (b)). Membrane
swelling increased linearly with increasing pH for pH 4.5 to pH 6.0. A less pronounced
increase was observed from pH 6 to pH 7. The global swelling increase observed with
increasing pH (nearly twofold) closely follows the profile of the negative surface charge of
the membrane material (Figure 4.1 (a)) reflecting the increasing charge repulsion of the
carboxylic acid groups and the flexibility of the hydrogel structure. The increase in swelling
with increased pH was significant (α = 0.05) for all ionic strength conditions.
The effect of KCl concentration was less pronounced. At any given pH, membrane global
swelling decreased slightly with increasing KCl concentration. At pH 4.5, the membrane
global swelling was 3.4 (0 M KCl) and 2.74±0.03 (1 M KCl) while at pH 7, the membrane
global swelling was 4.53±0.03 (0 M KCl) and 4.0 (1 M KCl). The observed decrease
with increasing KCl was significant (α = 0.05) for pH 5.5 and higher and may reflect the
shielding effect of the salt ions resulting in less water uptake.
62
Chapter 4. Role of pH and Ionic Strength on Macroporous Hydrogel Weak Cation
Exchange Membrane and IgG Capture
(C) 
(B) 
(A) 
Figure 4.1: Properties according to pH and ionic strength (KCl concentration):
(a)Apparent zeta potential; (b)global membrane swelling (qs); (c) relative membrane
swelling (Hs). Error bars represent standard deviation (n = 3).
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Similar swelling increase with increasing pH and swelling decrease with increasing ionic
strength were previously observed for poly(2-hydroxyethyl methacrylate-co-acrylic acid-
co-ammonium acrylate) hydrogels and pH conditions between pH 2 to 8 and 0.05 and
0.15 M NaCl ionic strength [98]. As global swelling reflects the macroscopic properties of
the macroporous hydrogel, one cannot distinguish whether the additional water is part of
the open pore structure or part of the bulk hydrogel structure.
4.5.3 Membrane Relative Swelling
Membrane relative swelling, estimated from the swelling of the material in aqueous 70%
isopropanol to its swelling in an aqueous solution, was developed as an alternative method
to water contact angle or protein adsorption for the characterization of the relative hy-
drophobicity of poly(ethylene glycol)diacrylate hydrogels with different monomer charac-
teristics [92]. In the current study, membrane relative swelling was selected to complement
the global swelling characteristics and surface charge characteristics of the material. The
highest relative swelling observed at pH 4.8 reflects the small positive charge of the car-
boxylic acids and the high affinity of the membrane material to aqueous isopropanol for
these conditions. The decreasing membrane relative swelling profile with increasing pH
(Figure 4.1 (c)) reflects significant contraction of the material in aqueous 70% isopropanol,
lower polarity solvent compared to phosphate citrate buffer, which agrees with the increas-
ing negative surface charge of the material with increasing pH (Figure 4.1 (a)). At a given
pH, the relative membrane swelling increased with increasing ionic strength. The influence
of pH on membrane relative swelling was significant for all ionic strength, whereas the
influence of ionic strength on membrane relative swelling was significant only at pH 4.5
(α = 0.05). The magnitude of the membrane relative swelling observed in this study
according to pH, 0.9 to 1.48 is comparable to those reported for the relative swelling of
poly(ethylene glycol)diacrylate hydrogels with different monomer characteristics ranged
between 0.9 and 1.29 [92].
4.5.4 Membrane Pore Visualization and Characterization
Visualization and characterization of micron size porous structure can be achieved by FE-
SEM but the sample should be water free which for hydrated hydrogel materials implies
sample preparation. Water removal of hydrated hydrogel materials is delicate since the
structure is sensitive to water movement. In contrast to air drying, freeze drying may alle-
viate the effect of drying by minimizing the water movement with an initial freezing step.
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The effect of air drying and freeze-drying on the morphology of non-hydrated and hydrated
membrane samples visualized by FESEM was first evaluated. The visual appearance (Fig-
ure 4.2) and average pore diameter estimate (Table 4.1) of non-hydrated membrane samples
was not affected by freeze-drying as expected since the membrane samples contained no
water. The fibrous polyolefin support structure, which provides mechanical strength to the
carboxylic acid functionalized macroporous hydrogel, was clearly visible. In contrast, when
hydrated (24 h, pH 4.5), the visual appearance and average pore size of the membrane was
affected by the type of drying (Figure 4.3). Freeze-drying of hydrated membranes displayed
smaller pores and average pore size (Table 4.1) when compared to hydrated membranes
subjected to either air drying or air drying with subsequent freeze-drying. The higher aver-
age pore diameter of the air dried membrane (with and without subsequent freeze-drying)
suggests collapse of the hydrogel structure during sample preparation and water removal,
while the smaller average pore diameter of the freeze-dried membrane suggests negligible
collapse of the porous structure. Freeze drying did not affect membrane global swelling or
IgG binding (data not shown).
10 μm 10 μm 
(a) Native, 1000x (b) Native+ freeze dried, 1000x 
Figure 4.2: FESEM pictures (1000 x magnifications): (a) native non-hydrated membrane
and (b) native non-hydrated and freeze-dried membrane.
Since freeze-drying preserved the structure of the hydrated membrane, this preparation
method was adopted for the investigation of pH and ionic strength on the surface structure
of hydrated membranes (Figure 4.4 and 4.5 and Table 4.1). Small pores were present on
the membrane surface at pH 4.5 and 0 M KCl while larger pores were present at pH 6 and
pH 7 and 0 and 1 M KCl, reflecting the higher negative charge and increased repulsion of
the carboxylic acid groups with increasing pH (Figure 4.1 (a)).
Surface pore diameter estimates ranged from 0 to 1.6 µm (Figure 4.5) and differed
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Table 4.1: Estimated average pore diameter (µm) according to pH and ionic strength for
native non hydrated membranes and hydrated membranes subjected to different drying
conditions.
Hydration Membrane preparation Pore size diameter [µm]a
Air drying Freeze drying
dry N/A - 0.467±0.062
dry N/A + 0.476±0.032
pH 4.5 (0 M KCl) + - 0.437±0.072
pH 4.5 (0 M KCl) - + 0.351±0.025x
pH 4.5 (0 M KCl) + + 0.422±0.013
pH 4.5 (0 M KCl) - + 0.310±0.066∗
pH 5 (0 M KCl) - + 0.433±0.039
pH 6 (0 M KCl) - + 0.448±0.023
pH 7 (0 M KCl) - + 0.522±0.036∗
pH 4.5 (1 M KCl) - + 0.258±0.032∗
pH 6 (1 M KCl) - + 0.383±0.039
pH 7 (1 M KCl) - + 0.439±0.039
aAverage ± standard deviation (n = 3);
∗statistically significant (α = 0.05) influence of pH at constant ionic strength; xstatistically
significant (α = 0.05) influence of membrane drying step.
according to pH and KCl concentration. Pores with 0.16-0.32 µm diameter represented
the bulk of the pores, 30% to 62% at 0 M KCl and 38 to 60% at 1 M KCl. Further analysis
was obtained by clustering the pores in three groups, pores with diameter below 0.32 µm,
pores between 0.32 and 0.96 µm and pores larger than 0.96 µm. At pH 6 and pH 7, the
addition of KCl significantly (α = 0.05) reduced the fraction of pores larger than 0.96 µm.
Potassium counter ion may shield the negative charge of the carboxylic acid of the larger
pores leading to a statistically significant size reduction of these pores. The effect of KCl
addition was only significant when considering the pore size frequency but not the average
pore size diameter (Table 4.1). The significant influence of KCl addition at pH 7 for pores
below 0.32 µm could be an image analysis artifact rather than material characteristic and
would need further investigation. At pH 4.5, smaller pores (0-0.32 µm) predominated while
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1 μm 
(a) Hydrated +, RT dried +, freeze dried - 
1 μm 
(b) Hydrated +, RT dried -, freeze dried + 
1 μm 
(c) Hydrated +, RT dried +, freeze dried + 
Figure 4.3: FESEM images of hydrated membranes (5000 x Magnification): (a) sample
preparation by air drying at room temperature (RT), (b) sample preparation by freezing
drying and (c) sample preparation by air drying at RT and subsequent freeze drying.
large pores (> 0.96 µm) were nearly absent with and without KCl addition reflecting the
nearly zero surface charge of the material at these pH conditions.
The average membrane pore diameter (Table 4.1) indicates increasing average pore
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(a) pH 4.5, 0 M (b) pH 4.5, 1 M 
(c) pH 6, 0 M (d) pH 6, 1 M 
(e) pH 7, 0 M (f) pH 7, 1 M 
2 μm 2 μm 
2 μm 2 μm 
2 μm 2 μm 
Figure 4.4: FESEM images (5000 x magnification) of hydrated membrane and freeze-dried:
(a) pH 4.5 and 0 M KCl; (b) pH 4.5 and 1 M KCl; (c) pH 6 and 0 M KCl; (d) pH 6 and
1 M KCl; (e) pH 7 and 0 M KCl; (f) pH 7 and 1 M KCl.
diameter with increasing pH. At pH 4.5 and 0 M KCl, the average pore diameter was
0.310 µm while at pH 7, 0 M KCl, the average pore diameter increased significantly to
0.522 µm. Comparison of the average pore diameter of the hydrated membrane to the
native non-hydrated membrane (0.47 µm) indicates hydrogel contraction at pH 4.5 and
hydrogel expansion at pH above 6. The increasing average pore diameter with increasing
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Figure 4.5: Pore diameter distribution according to pH and at 0 M KCl (black bars) and
1 M KCl (grey bars): (a) pH 4.5; (b) pH 6.0; (c) pH 7.0. Numbers denote the frequency of
pore diameters in the three pore size regions (<0.32, 0.32-0.96 and >0.96 µm). * Denotes
significant (α = 0.05) influence of ionic strength on pore size frequency.
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pH reflects the increasing negative charge of the carboxylic acids (Figure 4.1 (a)) and
the associated increased repulsion, increased water uptake and higher membrane global
swelling (Figure 4.1 (b)). The effect of charge shielding by KCl addition at high pH did
not translate in statistically significant differences.
Although freeze drying in combination with FESEM and image analysis showed promis-
ing results, it is important to be aware of the limits of this approach. Taking FESEM images
of membrane surfaces will not capture the tortuosity of the material. Future experiments
should include cross-sections of the material. Surface pores might be underestimated due
to a limit in contrast and the chosen threshold value. The pore size distributions show
that the image program does not capture the smaller range of pores well. The majority
of pores however were in the range of 0.16-0.32 µm which is still seven to fourteen times
larger than IgG (dimensions 21.9x15.5x1.5 nm), confirming that the large protein will not
be hindered by pore size. Future pore size experiments should also be expanded to an
alternative technique, confirming the trends and numbers found with FESEM imaging.
The pore diameter estimates obtained in this study for weak cation exchange macrop-
orous materials are of the same order of magnitude with most published pore diameter esti-
mates, 0.26-2 µm (estimates performed over gas flow permporometry) reported for macro-
porous poly(acrylic acid) grafted cellulose membranes [99] and 0.222 µm (estimated from
permeability measurements) at pH 4 reported for hydrated PVDF-PAA membranes [83].
In contrast, the pore diameter estimates in this study are significantly larger (by a factor of
10-100) than those reported previously for dextran-methacrylate hydrogels analysed with
FESEM and mercury intrusion porosimetry [44] and polyacrylamide hydrogels analyzed
by size exclusion [81]. These differences reflect the distinctive, macroporous character of
the weak cation exchange material investigated in this study.
4.5.5 Membrane Interaction with Immunoglobulin G
4.5.5.1 Influence of pH Conditions on IgG Static Binding
Static binding experiments were conducted to explore the charge modulation properties
of the macroporous hydrogel weak cation exchange membrane chromatography material
according to pH and ionic conditions and relate these to the interactions with IgG. These
experiments were not intended for IgG binding capacity optimization. The effect of pH at
0 M ionic strength on IgG static binding capacity with 0.5 g/l initial IgG concentration is
presented in Figure 4.6 (a) for narrow pH conditions. The pH significantly influenced IgG
binding capacity (α = 0.05). The maximum IgG static binding capacity was observed at pH
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4.8, 20.1±1.5 mg/ml. Decreased IgG static binding capacity was observed for pH 4.8 and
above with minimum IgG static binding capacity, 4.0±0.7 mg/ml, observed at pH 5.5. The
significant IgG static binding capacity observed at pH 4.8 appear to result predominantly
from the more pronounced positive charge of IgG or non electrostatic interactions with
the material. Polyclonal IgG has an overall strong net positive charge in the pH range
4.5-5.5 since its isoelectric point (pI) is 6.5-10 with 77% of the proteins having pI above
pH 8 [100]. In contrast, the membrane material at pH 4.8 had an apparent zeta potential
nearly zero (+ 1 mV), an average pore diameter significantly larger (Table 4.1) than IgG
diameter (approximately 10 nm), its global membrane swelling was lowest (Figure 4.1 (b))
and its relative swelling maximum (Figure 4.1 (c)).
4.5.5.2 Influence of Ionic Strength Conditions on IgG Static Binding
The pH condition where IgG binding capacity was highest, pH 4.8, was selected for assessing
the effect of ionic strength on IgG static binding with KCl concentrations up to 100 mM
(Figure 4.6 (b)). Maximum IgG static binding capacity, 20.1±1.5 mg/ml, occurred at the
lowest ionic strength, 0 M KCl. IgG static binding capacity decreased with increasing ionic
strength with a minimum IgG binding, 10.0±0.8 mg/ml, at 100 mM KCl. The influence
of ionic strength on IgG binding was statistically significant (α = 0.05). The decrease IgG
static binding capacity with increasing KCl concentration reflects the shielding role of KCl
on the IgG charge. The minor increase of membrane hydrophobicity properties at pH 4.8
(1.17 at 0 M KCl and 1.24 at 100 mM KCl) and the minor decrease of estimated average
pore diameter for significantly higher KCl concentration (1 M) (Table 4.1) are believed to
have a negligible role in the reduced IgG static binding.
4.5.5.3 Influence of pH and Ionic Strength on IgG Recovery
The recovery of IgG, given as the ratio between the IgG eluted from the membrane and
the IgG bound to the membrane, was modulated by pH and ionic strength for binding
conducted at pH 4.8 and 0 M KCl (Figure 4.7). The IgG recovery at 1 M KCl increased
linearly with increasing pH up to pH 5.5 and subsequently leveled off, with 60% at pH 4.5
and 95% and higher at pH above 5.5 (Figure 4.7 (a)). The effect of pH at 1 M KCl was sta-
tistically significant (α = 0.05).The effect of ionic strength on IgG recovery (Figure 4.7 (b))
indicates nearly complete IgG recovery for elution at pH 7 and all ionic strength investi-
gated (no significant statistical difference, α = 0.05). In contrast, IgG recovery for elution
at pH 4.5 was affected significantly by ionic strength. IgG recovery at pH 4.5 increased
with ionic strength, from 23% (0.25 M KCl) up to 60% (1 M KCl). Higher ionic strength
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(a) 
(b) 
Figure 4.6: IgG static binding capacity (q) (5 h binding time, c0 (IgG) = 0.5 g/L in
phosphate citrate buffer): (a) Effect of pH at 0 M KCl and (b) effect of ionic strength
at pH 4.8. Conditions not sharing a common letter are significantly different (α = 0.05);
Error bars represent standard deviation; n = 3.
conditions (2 M KCl) did not promote any additional IgG recovery (data not shown). The
modulation of IgG recovery according to pH and ionic strength suggest that the charge
properties of IgG predominate over the charge properties of the membrane material.
The pH and ionic strength conditions selected in this study for IgG elution were similar
to previous study with polymethacrylate membrane base functionalized weak materials
where lower IgG recovery (up to 67%) was obtained at pH 7 compared to 95% in the
current study, illustrating the importance of the material and the need to tailor elution
conditions according to material properties [75].
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Figure 4.7: IgG recovery and elution conditions: (a) Effect of pH at 1 M KCl; (b) Effect of
ionic strength for constant pH conditions (4.5 or 7). IgG binding was conducted at pH 4.8
and 0 M KCl for 5 h and c0 = 0.5 g/l IgG. Conditions not sharing a common letter are
significantly different (α = 0.05); Error bars represent standard deviation; n = 3.
4.5.6 Mechanisms During Binding and Elution of IgG with Weak
Cation Exchange Hydrogel Material
Electrostatic interactions were observed during IgG binding and elution with weak cation
exchange membrane materials. Such interactions were expected to capitalize on the strong
positive charge of IgG below its isoelectric point (pH = 8.0 for 77% of the protein content)
and the increased negative charge of carboxylic acid ligands of the macroporous hydrogel
material at pH above its pKa (pH = 4.7-5.3). Even though the weak acid nature of car-
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boxylic acid ligands was confirmed by streaming potential measurements (Figure 4.1 (a)),
the strong negative charge of the membrane material at high pH did not dominate IgG
binding or hindered IgG elution. Instead, high IgG binding capacity was observed for a
narrow pH range, 4.6-4.8, (Figure 4.6 (a)) reflecting the importance played by the strong
positive charge of IgG for these pH conditions while the membrane material had small
positive charge. Membrane surface charge was important during IgG recovery for most pH
conditions except below pH 5.5. When the membrane material possessed strong negative
apparent zeta potential at pH 5.5 and higher, nearly complete IgG recovery was obtained
with 1 M KCl and pH 5.5 and above (Figure 4.7 (a)) or at pH 7 with no KCl addition
(Figure 4.7 (b)). When the membrane material had nearly zero surface charge, pH 4.5, in-
creasing ionic strength was required to disrupt IgG material interactions and increase IgG
recovery but complete IgG recovery could not be achieved. The nearly complete recovery
of IgG without KCl addition obtained at pH 7 is advantageous for subsequent purification
operations.
In terms of membrane material characteristics, its relative swelling was useful in con-
firming the charge profile of the membrane material but did not assist with understanding
of IgG binding and recovery. The membrane average surface pore diameter did not seem
to affect and restrict IgG binding and recovery since the estimated average pore diameter
is significantly larger than IgG diameter.
Based on the experimental observations obtained in this study, a visual representation of
the material surface charge, swelling and average pore diameter and IgG charge according to
pH is schematized in Figure 4.8. The hydrogel domain and open macropore domain of the
membrane material containing the carboxylic acid groups constitute the active material
which interacts with IgG. The recovery conditions at low pH correspond to low global
swelling and small average pore diameter of the material and high positive charge of IgG
and those at high pH correspond to high global swelling and large average pore diameter
of the material and nearly zero charge of IgG.
4.6 Conclusions
This study illustrated the potential of the apparent zeta potential, membrane global
swelling and surface pore visualization by FESEM of freeze-dried hydrated membrane
samples to better understand charge interactions, water uptake and macropore structure
and their relationship to binding and recovery features of IgG with weak cation exchange
macroporous hydrogel membrane materials.
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Figure 4.8: Schematic representation of membrane material characteristics and IgG-
membrane interactions for low (< 5) and high pH (> 5.5).
Charge properties of IgG were the predominant mechanism responsible for its binding
and elution. The strong IgG positive charge dominated the low surface charge of the
membrane material for maximum IgG binding at pH 4.8 while the nearly zero charge
of IgG at pH 7 dominated the strong negative charge of the material for maximum IgG
elution. The potential influence of localized surface charge and hydrophobicity for IgG and
membrane material cannot be excluded and should be the focus of future work. FESEM
in combination with freeze-drying was successful in preserving the porous structure of
hydrated membrane materials and in quantifying the effect of pH and ionic strength on
the surface pore structure. It cannot be excluded that the internal pore structure has
different properties and should be part of future work.
The water holding capacity (seen in swelling and pore size characteristics) in the bulk
hydrogel domain and the open macropore domain according to pH and ionic strength
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conditions is anticipated to become more significant when moving to dynamic operations
and should be investigated for the design of large scale operations where open pore structure
is desired for high convective flow conditions.
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Chapter 5
Protein Adsorption, Ion Exchange
Capacity and Mass Transfer in
Cation Exchange Membranes
5.1 Synopsis
In the previous chapters we looked at characterization of proteins (Chapter 3) and charac-
terization of weak cation exchange membrane macroporous hydrogel material (Chapter 4).
Chapter 5 is expanding material characterization to protein equilibrium adsorption charac-
terization, ion exchange capacity (IEC) characterization and internal mass transfer consid-
erations. Two types of cation exchange membrane materials were investigated, weak cation
macroporous membrane material and a strong cation exchange membrane chromatography
material. Two proteins with distinct size and charge were selected, IgG (as in Chapter 3
and 4) and lysozyme. Set conditions for protein binding and protein elution conditions
were employed based on previous work (see Chapter 4).
Static protein binding capacity was developed by Katharina Hassel and conducted
by Katharina Hassel and Nicholas Cober. Adsorption model analysis was conducted by
Katharina Hassel with support from Rawle Groothuizen. Static IEC experimentation was
developed by Nicholas Cober and conducted by Nicholas Cober and Katharina Hassel.
Dynamic IEC was developed and conducted by Kayleigh Kuindersma. Dynamic protein
binding capacity was established and conducted by Katharina Hassel with experimental
support from Nils Wagner. FESEM sample preparation was performed by Katharina
Hassel. FESEM imaging was performed by Nina Heinig (Chemistry Department). Data
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analysis was performed by Katharina Hassel with contribution from Nicholas Cober (static
IEC) and Kamyar Ghofrani and Maximilian Fondyga for FESEM image analysis. Writing
was performed by Katharina Hassel with contribution from Nicholas Cober (literature
review). Experimental planning, data analysis and writing were supervised, reviewed and
revised by Christine Moresoli.
This chapter was formatted for future submission to Journal of Membrane Science,
Katharina Hassel, Nicholas Cober and Christine Moresoli, Mass transfer limitations for a
novel weak cation exchange hydrogel membrane.
5.2 Abstract
Protein adsorption and ion exchange capacity (IEC) were assessed and compared to bet-
ter understand mass transfer in two commercial cation exchange membranes, Natrix C
macroporous hydrogel membrane and Sartobind S surface grafted membrane. Significant
differences were observed for the equilibrium protein binding capacity according to material
and for IgG and lysozyme, protein candidates with different size and charge characteristics.
Higher equilibrium protein binding capacity was observed for Natrix C membrane com-
pared to Sartobind S even though IEC was lower. IgG isotherm with Natrix C was best
captured by the steric mass action adsorption model which accounts for charge and steric
effects while the Langmuir adsorption model best captured IgG adsorption with Sartobind
S membrane. Mass transfer characteristics also differed according to protein and material
type. Ion transport and protein transport increased when the membrane structure was
disrupted except for IgG and Natrix C membrane. Convective mass transfer limitations
were also identified and could be somewhat or totally removed when operating in dynamic
mode. Further work is required to investigate these differences at the microscopic level and
explore pH and ionic conditions.
5.3 Introduction
An important element of high purity protein production is their separation and purification.
In the past, this has been done with packed bed resin chromatography systems. Since
protein transport in these systems is diffusion driven (Figure 5.1 A), processing times can
be long and significant pressure drop can be observed [101].
It is therefore desirable to consider alternative technologies for protein separation.
Membrane chromatography technologies offer several advantages over traditional packed
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Figure 5.1: Mass transport phenomena in resin (A) and membrane adsorbers (B)
bed resin systems. Membrane chromatography is based on convective transport (Fig-
ure 5.1 B) such that processing time is reduced, is easier to scale up and decreased pres-
sure drop can be observed. The high binding capacity and 3D architecture of membrane
chromatography materials is conducive to internal mass transfer limitations. The strong
non-linear profile of breakthrough curves reported in the literature supports the existence of
such mass transfer limitations. But the investigation of mass transfer for protein capture
with ion exchange membrane materials is complex due to the interrelationship between
mass transfer, protein adsorption and ion exchange considerations [39].
Ion exchange chromatography materials contain either positively or negatively charged
functional groups. When functional groups are negatively charged, interactions will take
place with positively charged proteins and are referred to as cation exchange chromatog-
raphy materials. Examples of cation exchange groups include sulphonic or carboxylic acid
groups [102,103]. The strength of the electrostatic interaction between the functional group
and the target protein differs according to functional group. A strong cation exchange ma-
terial will be completely ionized for a wide pH range reflecting its charge stability while
weak cation exchange material possesses variable ionization according to pH conditions.
Charge characteristics of ion exchange materials can be obtained from their ion ex-
change capacity (IEC). Titration methods are commonly reported for IEC determination
and ion exchange membranes [24–27]. These studies report IEC values between 0.22-2.8
meq/g for strong and weak cation and anion membrane materials.
The purpose of this study was to determine the protein adsorption and ion exchange
capacity characteristics of two commercial cation exchange membrane chromatography
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materials, weak cation exchange hydrogel macroporous membrane and a strong cation
exchange surface grafted membrane. Human immunoglobulin G (IgG), a polyclonal anti-
body which contains several isoforms with slightly different structure and properties and
lysozyme, extracted from hen egg white, were selected because of their different size and
charge characteristics.
Further intentions were to investigate potential mass transfer limitations by comparing
IEC and protein binding capacity for intact and cut membranes. By cutting the membrane
in smaller pieces more surface area is obtained and becomes available for binding compared
to the intact membrane
5.4 Material and Methods
5.4.1 Chemicals and Buffers
Hydrochloric acid (Fischer Scientific Canada), sodium hydroxide and potassium chloride
obtained from EMD (Billerica, MA, USA) and sodium chloride from BDH Inc. (Toronto,
Ontario, Canada) were used. Phosphate citrate buffer was prepared from solutions of
0.1 M citric acid, anhydrous (EMD, Tokyo, Japan) and 0.2 M sodium phosphate, dibasic,
heptahydrate (EMD, Darmstadt, Germany). Acetate buffer was prepared with acetic acid
(EMD, Darmstadt, Germany) and sodium acetate (EMD, Darmstadt, Germany). Phos-
phate buffer was prepared with monosodium phosphate (monohydrate), disodium phos-
phate (heptahydrate) and potassium chloride obtained from Fischer Scientific Canada.
Milli-Q water was prepared in house from a Millipore Synergy UV system (EMD Milli-
pore, Darmstadt, Germany). Human immunoglobulin G was purchased from Equitech-Bio,
Inc. (Kerrville, TX, USA). Lysozyme chloride was obtained from Neova Technologies (Ab-
botsford, BC, Canada). Their characteristics are presented in Table 5.1.
5.4.2 Membrane Materials
Weak cation exchange (C) membranes were provided by Natrix Separations Inc. (Burling-
ton, Ontario, Canada) as 25 mm diameter discs (dynamic IEC and dynamic conditions),
47 mm diameter discs (static binding conditions) and flat sheet (static IEC). Strong cation
exchange membranes (Sartobind S) were purchased from Sartorius-Stedim (Bohemia, NY,
USA) in DIN A4 flat sheet format. Membrane specifications given by the manufacturer
are presented in Table 5.1.
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Table 5.1: Protein and membrane characteristics
Proteins
Characteristics Lysozyme IgG
Chargea +++ +
pIb 11 6.5-10
Size (kDa)c 14.3 150
Dimensions (nm)d 3x3x4.5 21.9x15.5x1.5
Diffusion
coefficient (cm2/s)e
0.5-2.5*10−6 4.4*10−7
Membranes
Characteristicsf Natrix C Sartobind S
pKa 4.7-5.3 2
Material Pore filled hydrogel Surface grafted polymer
Pore size (µm) 0.3 >3
Ionization(%) 50 100
IEC (µeq/cm2) n/a 4-6
aat pH 5; b [67, 104]; c [105, 106]; d [107, 108]; e [109, 110];
fManufacturer data.
5.4.3 Ion Exchange Capacity (IEC) Estimation
5.4.3.1 IEC by pH - Static Conditions
Titration method was used for the determination of ion exchange capacity [24–27]. Mem-
brane samples were prepared from flat sheet material for three different membrane formats:
Intact membranes (cut to 2x2 cm), cut membranes (4 scissor cut pieces of 1x1 cm each) and
crumble membranes (12 small scissor cut pieces from a 2x2 cm piece). The mass of each
membrane sample was recorded before being placed in 250 ml Erlenmeyer flasks containing
40 ml of 1 M hydrochloric acid solution to ensure that the carboxylic and sulphonic groups
were converted to acid form (H+). The membrane samples were equilibrated for 4 hours at
room temperature (21±1◦C) with shaking at low speed (shaker Eberbach Corporation Ann
Arbor, Michigan, USA). After equilibration, membrane samples were removed and rinsed
thoroughly with Milli-Q water to remove any traces of HCl. The membrane samples were
then placed in 40 ml of 1 M sodium chloride solution with shaking during 24 h to ensure
that all H+ were released from the membrane and eluted in the solution. The solution and
membranes were then transferred into a beaker for titration with 0.1 M sodium hydroxide.
The pH of the solution was measured with a pH meter (±0.002) (Mettler Toledo Seven-
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multi). The pH of the solution according to volume of sodium hydroxide added was used
to determine the equivalence point (pH 7) and the corresponding ion exchange capacity
according to Equation 5.1.
IEC(
meq
g
) =
MNaOH ∗ VNaOH
mmembrane
(5.1)
Where MNaOH is the molarity of NaOH (mol/l), VNaOH is the volume of NaOH added at
the equivalence point (l) and mmembrane is the mass of the membrane, prior to hydration (g).
The equivalence point was estimated using the 1st derivative method where the maximum
value of the first derivative function represented the equivalence point.
5.4.3.2 IEC by Conductivity - Dynamic Conditions
IEC for dynamic conditions was estimated with an AKTA Prime system (GE Healthcare,
Sweden) (Fast protein liquid chromatography (FPLC) system) equipped with a conductiv-
ity probe as illustrated in Figure 5.2.
Figure 5.2: AKTA set-up
A 25 mm diameter membrane sample was placed in the membrane holder and then
subjected to the conditions presented in Table 5.2; namely equilibration with Milli-Q water,
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Table 5.2: Experimental conditions of IEC estimation by conductivity and dynamic mode
for 2 ml/min as feed flow rate
Step # Time (min) Function FlowRate Solution
I 0 Equilibration 1 ml/min Milli-Q Water
II 10 Binding 1 ml/min 0.1 M NaOH
III 35 Washing 1 ml/min Milli-Q Water
IV 55 Elution 1 ml/min 0.025 M HCL
V 90 End - -
saturation with 0.1 M NaOH, thorough rinsing with Milli-Q water and titration with
0.025 M HCl at a flow rate of 2 ml/min.
IEC was estimated from the equivalence point deduced from change in slope of the
measured conductivity versus HCl added volume (Figure 5.3) according to Equation 5.2.
IEC(
meq
g
) =
MHCl ∗ VHCl
mmembrane
(5.2)
Where MHCl is the molarity of HCl (mol/l), VHCl is the volume of HCl added at the
equivalence point (l) and mmembrane is the mass of the membrane prior to hydration (g).
5.4.4 Static Protein Binding Capacity
All static protein binding experiments were carried out at room temperature (21±1◦C).
A membrane disc (47 mm diameter) was cut into eight pieces and each was weighed.
A cut section of a membrane disc (dry weight 0.026 ± 0.002 g) was placed in a 20 ml
vial. The membrane piece was equilibrated in 5 ml of equilibration buffer (phosphate
citrate pH 5) on a shaker (Thermo Scientific, Canada) at 125 rpm for 2 h. Following
equilibration the solution was drained, 10 ml of binding buffer were added (equilibration
buffer containing 0.5 mg/ml of IgG or lysozyme) and placed on the shaker at 125 rpm for 5
h. The total protein concentration of the solution was quantified before and after binding
by spectrophotometry at 280 nm (Spectronic Gensys 5). Experiments were conducted in
triplicates. The static protein binding capacity was evaluated by difference between the
protein content of the solution before and after binding, assuming that the volume of the
solution remained constant (Equation 5.3).
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Figure 5.3: Typical conductivity profile during dynamic ion exchange capacity determina-
tion. I: Equilibration with Milli-Q water, II: Binding with 0.1 M NaOH, III: Washing with
Milli-Q water and IV: Titration with 0.025 M HCl.
q(
mg
mL
) = (cO − cf ) ∗ ( Vsolution
Vmembrane
) (5.3)
Where q is the binding capacity (mg protein/ ml membrane), c0 is the initial concen-
tration of protein in solution (mg/ml), cf is the final concentration of protein after binding
(mg/ml), Vsolution is the volume of binding buffer (ml), Vmembrane is the measured volume
of the dried membrane piece (ml).
5.4.5 Protein Isotherms
All protein isotherm experiments were performed as described in the static binding section
with the following differences. Protein (IgG and lysozyme) concentration ranged from
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0.1 to 4 g/L. Binding time was 24 h for IgG and 72 h for lysozyme respectively. After
binding, all solutions were filtered through a 0.45 µm PES syringe filter (Thermo Scientific,
Ottawa, ON, Canada) before UV measurements. The binding capacity was estimated with
Equation 5.3.
To describe protein adsorption isotherms, four models (Langmuir, Bi-Langmuir, Fre-
undlich and Steric mass-action) were used (overview in Table 5.4.5). All model parameters
were estimated with the MATLAB 2014a curve fitting toolbox.
The Langmuir model represents a common model based on the assumption of a mono-
layer surface coverage without any interaction of the adsorbed species, see Equation 5.4
[111].
q(c) = qmax ∗ KL ∗ c
1 +KL ∗ c (5.4)
Where c(mg/ml) is the equilibrium protein concentration in solution, q (mg/ml) is
the protein adsorption capacity at equilibrium qmax (mg/ml) is the maximum adsorption
capacity and KL is the Langmuir equilibrium constant given by the ratio of adsorption
constant (ka) and the desorption constant (kd) as illustrated in Table 5.4.5. High KL
values reflect situations where increase of the equilibrium protein concentration is sharper
meaning there is a higher interaction between proteins and membrane binding sites. Low
KL values reflect situations where increase of the equilibrium protein concentration is slower
and accordingly the affinity between proteins and binding sites is lower. Many situations
for protein binding on membranes do not agree with the Langmuir isotherm since the
assumptions may not represent reality.
The Bi-Langmuir model is an expansion of the Langmuir model for chromatographic
separations that do not possess a homogeneous surface. This model considers two binding
sites having different interactions resulting in two independent contributions as seen in
Table 5.4.5 and Equation 5.5 [32]:
q(c) = qmax,1 ∗ KB,1 ∗ c
1 +KB,1 ∗ c + qmax,2 ∗
KB,2 ∗ c
1 +KB,2 ∗ c (5.5)
KB,i = Bi-Langmuir equilibrium constant for sites 1 and 2 and qmax,i = saturation
capacity of the material (mg/ml) for sites 1 and 2. The Bi-Langmuir model is selected
when the plot q/c versus q is strongly curved.
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When considering the influence of one adsorbent on the subsequent adsorption step,
the Freundlich model may be more suitable. This isotherm however does not include a
qmax parameter and therefore cannot predict the equilibrium adsorption capacity of the
material easily. It can be described with Equation 5.6 [111], where KF and n are Freundlich
isotherm constants.
q(c) = KF ∗ c 1n (5.6)
The steric mass-action (SMA) model describes non-linear adsorption in ion-exchange
systems. Assumptions for the model are (1) spherical proteins with uniform size and
density, (2) protein binding is dependent on the characteristic charge v (due to the multi-
pointed nature of proteins), (3) steric hindrance of the counterions bound to the material
occurs and (4) model parameters do not change during adsorption process. Table 5.4.5
shows a representation of principles and involved parameters [34]. Equation 5.7 represents
the isotherm.
c =
q
KSMA
∗ n ∗ cS
A− (v + n ∗ σ) ∗ q
v
n
(5.7)
With c = protein concentration (mg/ml) for a given q = binding capacity (mg/ml),
KSMA = equilibrium constant for SMA model, A = ion exchange capacity of monovalent
salt counter-ions (mmol/l), n = value of valence of salt counter-ions, cS = salt counter-
ion concentration in bulk phase (mmol/l), v = characteristic charge, σ = protein steric
factor. The equation can be simplified by looking at the two limiting cases, concentration
approaching zero (Equation 5.8) and concentrations approaching infinity (Equation 5.9).
q
c
= KSMA ∗ A
n ∗ cS
v
n
(5.8)
qmax =
A
v + n ∗ σ (5.9)
Parameters KSMA, v and σ are estimated by making assumptions for A, n, CS and qmax
based on the experimental system.
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Table 5.3: Overview of four protein adsorption models (Langmuir, Bi-Langmuir, Freundlich
and Steric-mass action)
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Table 5.4: Experimental conditions for dynamic protein binding capacity determination
Step # Time (min) Function Solution
Flow rate
(ml/min)
I 10 Equilibration Buffer pH 5a 1
II
50 (Natrix C)
30 (Sartobind S)
Binding
0.5g/l protein
in buffer pH 5a
1
III 20 Washing Buffer pH 5a 1
IV 20 Elution
Phosphate
buffer pH 7
2
aPhosphate citrate buffer (lysozyme) and acetate buffer (IgG)
5.4.6 Dynamic Protein Binding Capacity
Dynamic protein binding experiments were performed with an AKTA Prime system (GE
Healthcare, Sweden) equipped with UV detector (Figure 5.2). For IgG experiments, a
50 mM pH 5 acetate buffer and for lysozyme experiments, a pH 5 phosphate citrate buffer
was used. Protein concentration in the binding solution was 0.5 g/l for both IgG and
lysozyme. Elution conditions for IgG and lysozyme were 0.2 M pH 7 phosphate buffer
with 1 M KCl. AKTA steps are summarized in Table 5.4.
Dynamic protein binding capacity was based on 10% breakthrough according to Equa-
tion 5.10.
qDBC10% =
c0 ∗ V10%
Vmembrane
(5.10)
Where qDBC10% is the dynamic protein binding capacity (mg protein/ml membrane) at
10% breakthrough, c0 is the initial protein concentration in solution (mg/ml), V10% is the
volume of permeate collected at 10% breakthrough (ml) and Vmembrane is the calculated
volume of the dry weight membrane weight (ml).
5.4.7 Scanning Electron Microscopy Imaging
Membrane pore structure was visualized by Field Emission Scanning Electron Microscopy
(FESEM). Freeze dried (Epsilon 1-4 Freeze Dryer [Martin Christ, Germany]) membrane
samples (prior equilibration in phosphate citrate buffer pH 5) were mounted on FESEM
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sample stands, sputter coated with a fine layer of gold particles (FESEM gold coating unit
Desk II, Denton Vacuum, USA) and images were acquired with the FESEM (Leo 1530, Carl
Zeiss AG, Germany). The working parameters for the FESEM were 10 kV and secondary
electron signal (SE2). The magnification was 5000 x and three images at different positions
on the membrane sample were taken for each sample. Average pore size diameters were
evaluated with Pore Image Processor, Matlab. Details of the image analysis are presented
in Chapter 4.
5.4.8 Statistical Analysis
To determine if two data sets were significantly different from each other, the Student t-test
was used assuming a two tailed distribution and a confidence level of 95% (α = 0.05).
5.5 Results and Discussion
5.5.1 Protein Adsorption at Equilibrium
Significant differences in equilibrium protein binding profile were observed according to
membrane material and protein type. For IgG and the Natrix C membrane, equilib-
rium protein binding capacity increased continuously with increasing protein concentration
while for IgG and the Sartobind S membrane material, equilibrium protein binding capac-
ity reached a maximum at approximately 1 mg/ml protein concentration and remained
constant with increasing protein concentration (Figure 5.4). IgG binding capacity at the
highest protein concentration investigated (4 mg/ml) was significantly higher (three fold)
for the Natrix C membrane (125 mg/ml) compared to the Sartobind S membrane (40
mg/ml). The maximum protein binding capacity for IgG and Sartobind S is comparable
to those reported in the literature, 19.5 mg/ml in 10 mM potassium phosphate buffer pH
7 [112]. There is no published protein binding capacity available for IgG and the Natrix C
membrane.
The effect of protein type on protein binding capacity was obtained by comparing IgG
binding to lysozyme binding with the Natrix C membrane. Protein binding capacity for
lysozyme was at least twice that of IgG (Figure 5.4). The maximum protein binding
capacity observed for lysozyme and Natrix C, 295 mg/ml, is significantly higher than
reported values for lysozyme and Sartobind S, 130 mg/ml in pH 5 sodium acetate buffer
(Gebauer et al. [49]).
89
5.5. Results and Discussion
These observations point to significant differences in material architecture and or func-
tional groups density and access which will be discussed in the next section.
Figure 5.4: Isotherms (n=3) for Natrix C (IgG (•) and Lysozyme ()) and Sartobind S
(IgG (5)) fitted with Langmuir model (black lines) and SMA model (grey lines). Error
bars represent standard deviation.
Protein equilibrium binding was further investigated by comparing protein equilibrium
estimated with four different adsorption models and their respective residual sum of squares
(SSR) presented in Table 5.5. The highest SSR for all combinations of membrane and
protein was obtained for the Freundlich model which indicates poor description of the
experimental data. The Langmuir and bi-Langmuir model had relatively similar SSR which
suggest that two different types of binding sites did not offer noteworthy improvement on
the fit of the experimental data such that the bi-Langmuir model will not be further
discussed. In contrast, differences for the fit of the experimental data were observed with
the SMA model. (To solve the SMA model the following values were used: ANatrixC = 450
mmol/l, ASartobindS = 900 mmol/l, n = 1, CS = 100 mmol/l and qmax was taken from the
Langmuir model (Equation 5.4).) Higher SSR was observed for IgG binding and lysozyme
binding with Natrix C and Sartobind S when comparing the Langmuir model to the SMA
model. The Langmuir model is known to capture linear isotherms and situations where
protein adsorption is not affected by the proteins already adsorbed whereas SMA model
captures profound non-linear adsorption with protein adsorption increasing slowly with
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increased protein concentration.
Table 5.5: Model parameters for isotherms
Langmuir
qmax
(mg/ml)
KL
(ml/mg)
SSR
IgG-Natrix 186 0.7 75
IgG-Sartobind 41 5.5 8
Lysozyme-Natrix 319 7.0 4005
Bi-Langmuir
qmax,1
(mg/ml)
KB,1
(ml/mg)
qmax,2
(mg/ml)
KB,2
(ml/mg)
SSR
IgG-Natrix 202 0.4 20 7.6 70
IgG-Sartobind 39 5.5 2 5.5 8
Lysozyme-Natrix 300 7.0 19 7.0 4000
Freundlich
KF
(ml/mg)
n (-) SSR
IgG-Natrix 71 1.8 166
IgG-Sartobind 30 4.0 60
Lysozyme-Natrix 249 2.8 1.1*104
Steric mass action
KSMA
(ml/mg)
v (-) σ (-) SSR
IgG-Natrix 64 0.3 3 0.06
IgG-Sartobind 12 1.3 19 0.27
Lysozyme-Natrix 513 0.8 0.6 0.55
Langmuir fitting showed lysozyme binding having a higher capacity than IgG binding
to Natrix C membranes with 319 mg/ml and 186 mg/ml respectively. Membrane ligand
could bind more of the smaller protein lysozyme. When comparing IgG binding to Natrix
Weak C or Sartobind S, Natrix membranes showed a five times higher binding capacity.
Langmuir affinity constant KL describes the shape of the curve: the larger KL, the higher
the affinity between protein and membrane. In this study Natrix-IgG had the lowest
affinity (0.7), both Sartobind-IgG and Natrix-Lysozyme were higher with 5.5 and 7.0 for
Sartobind and Natrix respectively. Hence those two isotherm showed the typical, sharp
Langmuir shape whereas Natrix-IgG isotherm showed a slow increase to the maximum.
Similar values for qmax and KL can be found in literature. Tatarova et al. [111] studied
lysozyme binding to Sartobind S membranes and recorded 77.7 mg/ml and 8.3 ml/mg for
qmax and KL respectively.
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Steric mass action model, assuming protein steric factor and characteristic charge, re-
sulted in small SSR. The smallest steric factor of 0.6 was observed for the Natrix-Lysozyme
isotherm since lysozyme is smaller than IgG. The steric factor increased drastically for IgG
with 3 and 19 for Natrix C and Sartobind S respectively, reflecting the higher ligand den-
sity and hence more sterically hindered counter-ions for Sartobind S (compare 5.5.2. The
characteristic charge v, representing the number of charges involved in the ion exchange re-
action, was below 1.3. Studies showed that in ion exchange chromatography lysozyme has
3-5 charged amino acids that are predominantly involved in the interaction depending on
the protein orientation [113]. No charge mapping for IgG in ion exchange chromatography
is known to the authors.
Published protein isotherms fitted with the SMA model indicate a wide range of ex-
perimentation, parameters estimation methods and estimates and isotherm shapes. Chen
et al. [34] investigated BSA binding with ion exchange resins and different buffers (acetate
pH 5.5, phosphate pH 6.8 and Tris-HCl pH 7.4) and reported a broad range of parameters,
47-1712, 2.37-3.10 and 10.0-17.6 for KSMA, v and σ respectively depending on the buffer
type. In their study, the shape of the isotherm was affected by the salt counter-ions present
in the buffer. Low salt concentration led to a sharp increase of the protein isotherm curve
whereas higher salt concentration resulted in less pronounced isotherms. Francis et al. [48]
indicated that the SMA model did not provide a good representation of ovalbumin binding
on Mustang Q membranes at different feed flowrates.
As SSR are relatively high and fit of the experimental data at high protein concentration
is limited for each of the Langmuir model and SMA model, mass transfer limitations may
be present and affect the fit of the experimental data with the adsorption models.
5.5.2 Ion Transport – Access to Functional Groups
Ion transport characteristics according to membrane type and static and dynamic condi-
tions were assessed from ion exchange capacity (IEC) (Table 5.6). IEC of Sartobind S
was twice that of Natrix C (statistically significant, α = 0.05) which is the opposite of the
maximum equilibrium protein binding observed for IgG and these two membranes. Thus
differences in ion exchange functional groups cannot explain the higher equilibrium protein
binding observed for Natrix C. Estimated IEC are in agreement with values reported by the
manufacturers and reported in literature for polyvinylchloride based membrane material
grafted with anion or cation exchange groups, between 0.22 -2.8 meq/g [24,25,27,29].
Experimental insights of the ion transport in the membrane were obtained by comparing
IEC for intact (one 2x2 cm piece), cut (four pieces, 1x1 cm each) and crumble (smallest
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pieces from a 2x2 cm piece) membranes. Static IEC increased significantly when comparing
intact to cut or crumble format for each membrane type. Relatively similar IEC increase
was observed when compared to the intact membrane, 30% and 68% increase for Natrix
C and 20% and 59% IEC increase for Sartobind S membranes with decreasing membrane
piece sizes. Membrane format influence on IEC was statistically significant (α = 0.05)
except between Sartobind S intact to cut. The importance of convective flow on IEC was
significant. When comparing Natrix C dynamic to static IEC, dynamic IEC was more than
doubled showing the positive influence of convective flow. Dynamic IEC with Sartobind S
membranes did not yield a measureable equivalence point and needs further investigation.
Table 5.6: IEC (Average±Standard deviation (n=3)) of Natrix C and Sartobind S accord-
ing to membrane format and operation mode
Mode Membrane Format
IEC (meq/g)
Natrix Weak C Sartobind S
Static
Intact (2x2 cm) 0.461±0.020∗ 0.956±0.063
Cut (0.5x0.5 cm) 0.599±0.065∗ 1.147±0.148
Crumble (pieces) 0.774±0.048∗ 1.517±0.109∗
Dynamic
Circular 25 mm
diameter disc
1.62±0.05 N/A
∗Denotes statistically significant (α = 0.05) influence of membrane
format for given membrane type (static mode).
5.5.3 Protein Transport-Access Functional Groups
In the previous section, ion transport in the membranes was discussed. In this section,
the focus is on protein transport. Proteins are significantly larger than ions and have
not a single charge but a charge distribution; hence their interaction with the membrane
material will be more complex and more hindered than ion transport. Differences in protein
diffusion mass transport limitations were observed according to protein size, membrane
format (intact versus crumble) and membrane type (Table 5.7).
Looking at intact membranes, significantly higher protein binding capacity was ob-
tained for lysozyme compared to IgG. For the Natrix C membranes, lysozyme binding
capacity increased 47% compared to IgG. For Sartobind S, lysozyme binding capacity in-
creased 74% compared to IgG. These observations indicate that protein size and charge
significantly influenced binding. IgG, a relatively large protein, may have limited access
to the binding sites and/or is blocking neighbouring sites once attached while lysozyme, a
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Table 5.7: Influence of protein type, membrane format, and membrane type on static and
dynamic protein binding capacity q (Average±Standard deviation (n=3))
Protein
Membrane
Format
q (mg/ml)
Natrix Weak C Sartobind S
Statica Dynamicb Statica Dynamicb
IgG
Intact 14.9±2.5 115.4±7.2† 13.1±3.1∗ 17.7±3.3
Crumble 16.7±1.2 N/A 19.6±3.1∗ N/A
Lysozyme
Intact 21.8±3.9∗ 151.3±6.1† 22.7±2.2∗ 24.6±5.9
Crumble 38.9±6.9∗+ N/A 29.1±0.6∗+ N/A
aBinding conditions: pH 5, phosphate citrate buffer, c0=0.5 mg/ml, t=5 h;
bbinding conditions: pH 5, acetate buffer (IgG) or phosphate citrate buffer
(Lysozyme), qDBC at 10% breakthrough;
∗significant difference (α = 0.05) between membrane format for given protein and
static conditions;
+significant difference (α = 0.05) between membrane type for given protein, mem-
brane format and static conditions;
†significant difference (α = 0.05) between protein type for dynamic mode;
significant difference (α = 0.05) between static and dynamic mode for given mem-
brane type and protein.
smaller protein, may have easier access and limited blocking effect leading to higher binding
capacities. In contrast, different protein binding capacity was observed when comparing
intact and crumble membrane for a given combination of protein and membrane type. A
statistically significant influence (α = 0.05) was observed between membrane format except
for Natrix C and IgG. Highest protein binding capacity increase from intact to crumble
was with Natrix C and lysozyme with 78% protein binding capacity improvement. For
Sartobind S, statistically significantly higher protein binding capacity was observed for
IgG and lysozyme, 50% increase for IgG and 28% increase for lysozyme. The differences
in protein binding according to membrane format indicate internal protein diffusion lim-
itations for all protein and membrane combinations except IgG and Natrix C. Transport
and binding mechanisms appear to be different for IgG compared to lysozyme in Natrix
C. For the Natrix C crumble format, the increase from IgG to lysozyme binding was more
than twofold. For Sartobind S crumble format the increase in binding capacity for IgG
compared to lysozyme was close to 50%. The increased binding capacity due to format
could be related to the increased surface area or the improved 3D density arrangement of
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material ligands.
Membrane pore size distributions are very important when considering dynamic modes.
Materials with small pores might have increased system back pressure or broader peaks
but material with larger pores (¿ 1 µm) might be limited in their separation capacity as
well due to the protein travel time to the pore wall for adsorption being greater than their
total residence time within the membrane [114]. Natrix C and Sartobind S membranes
have significantly different average pore sizes with 0.3 and ¿ 3 µm respectively (Table 5.1).
Significant enhancement of protein binding capacity was obtained for the Natrix C mate-
rial when convective flow was introduced in the dynamic operation (Table 5.7). Dynamic
protein binding capacity was up to ten times higher than static protein binding capacity
and nearly the equilibrium binding capacity for IgG and Natrix C (77%, Figure 5.4). For
lysozyme and Natrix C, the dynamic protein binding was approximately seven times higher
than the static binding capacity and approximately 46% of the equilibrium binding capac-
ity (330 mg/ml, Figure 5.4). Natrix C average pores were 7-14 times larger compared to
IgG and 35-60 times larger than lysozyme. Therefore protein size as well as charge played
a role as shown by the significantly higher enhancement of the IgG versus lysozyme binding
capacity which reflects differences in transport and binding mechanisms. In contrast, neg-
ligible (no statistical significance) enhancement of protein binding capacity was observed
for the Sartobind S material when convective flow was introduced (Table 5.7) and dynamic
binding capacity remained below the equilibrium protein binding capacity (42%) for IgG
(44 mg/ml, Figure 5.4). Sartobind S pore size is over 100x larger than IgG and even though
Sartobind S membranes showed a higher IEC than Natrix C, protein binding capacity did
not reflect IEC differences. Ligand density is not the only factor influencing maximum
protein binding capacity, protein size, charge and material architecture, especially pore
size, need to be considered. The observed DBC are of the same order of magnitude as
those reported by the manufacturer. IgG binding to Natrix C was given as 100 mg/ml
(compare 115 mg/ml this study) and 25 mg/ml lysozyme binding to Sartobind S (compare
24.6 mg/ml this study).
5.5.4 Transport Limitations
As protein capture by ion exchange involves ion displacement during protein adsorption,
the presence of ion mass transfer limitations as shown by differences in IEC of intact
and crumble membrane will affect protein adsorption. The ion mass transfer limitations
(Table 5.6) are not linearly related to the differences in protein binding capacity (Table 5.7)
for intact and crumble membranes. This non-linear relationship indicates that protein size
and charge characteristics and material porosity may have an important role in protein
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adsorption. The pore structure visualized by FESEM can be seen in Figure 5.5. Natrix C
shows a dense hydrogel, with an average pore size of 0.458 µm (Figure 5.5 A). Sartobind S
shows larger open pores with an average pore size of 0.890 µm (Figure 5.5 B). When ions
travel in the material and are exchanged with the functional groups of the membranes,
changes in pH (measured during static mode) or changes in conductivity (measured during
dynamic mode) can be observed. The number of functional groups will determine the
amount of exchanged ions (IEC); pore structure will determine the speed of ions travelling
to the functional groups of the membrane. Wang et al. [20] investigated lysozyme binding
patterns to Sartobind S membranes with CLSM (Confocal Laser Scanning Microscopy).
The binding pattern was similar to pore morphology and lysozyme predominantly bound
to the functional layer rather than the cellulose support of the membrane.
Figure 5.5: FESEM image (5000x magnification) of Natrix Weak C (A) and Sartobind S
(B) membrane
The convective flow introduced in the dynamic operation affected IEC (Table 5.6) differ-
ently than protein binding capacity (Table 5.7). Since IEC and protein static and dynamic
binding capacity increased differently according to membrane type when its architecture
was disrupted (intact and crumble format), internal protein transport within macroporous
hydrogels or 3D functional membrane materials for commercial cation exchange mem-
branes is present. Based on these experimental observations, a schematic representation
of the mass transport phenomena specific to each membrane material pore structure and
ion exchange characteristics (Figure 5.6) was developed and includes internal diffusion in
addition to bulk convection and film diffusion.
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Figure 5.6: Mass transfer in (A) weak cation exchange membranes with narrow pores and
low IEC (light grey) and in (B) strong cation exchange membranes with open pores and
high IEC (dark grey).
5.6 Conclusions
This study provided insights on mass transfer limitations for two commercial cation ex-
change membranes with different architecture. Protein binding and ion exchange capacity
were examined and related to protein type, membrane material architecture and format.
When comparing protein binding capacity, the smaller protein lysozyme always showed
higher binding capacity than the larger IgG, confirming binding capacity were not only
limited by the ligand density but also by the bound protein and the space occupied by the
bound proteins. Protein isotherms showed best fit with the Langmuir model for Sartobind
S membranes and the SMA model for Natrix C membranes. None of the models however
could describe all regions of the isotherms sufficiently. Membrane format influenced bind-
ing, with more accessible binding sites in smaller membrane formats. In the dynamic mode
the Natrix C membrane showed superior protein binding than the Sartobind S membrane.
Analysis of ion exchange capacity (IEC) showed that Sartobind S had twice the ligand
density compared to Natrix C membranes. By comparing intact, cut and crumble mem-
brane formats, IEC increased significantly for both membrane types with smaller membrane
pieces showing the limited ion accessibility for larger membrane pieces and internal diffu-
sion needs to reach maximal capacities. FESEM imaging showed differences between the
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two materials, pore filled hydrogel versus surface grafted groups, leading to different pore
sizes. Mass transport limitations however were observed in both materials proving that
these limitations go beyond visual structure and involve ion binding capacities and pro-
tein characteristics. Convective mass transfer limitations were also identified and could be
somewhat or totally removed when operating in dynamic mode. Further work is required
to investigate these differences at the microscopic level and relate these to pH and ionic
conditions.
5.7 Acknowledgements
Financial support from the Monoclonal Antibody Network (MabNet) of the Natural Sci-
ences and Engineering Research Council (NSERC) is acknowledged. The authors would
like to thank Marc Aucoin (University of Waterloo) for the access to the AKTA prime sys-
tem, Nina Heinig at the University of Waterloo for help with the Field Emission Scanning
Electron Microscopy and Kayleigh Kuindersma for the development of the dynamic IEC
determination.
98
Chapter 6
Potential of weak cation exchange
membranes for the recovery of large
proteins and antibodies
6.1 Introduction
The overall objective of this PhD project was to evaluate the potential of Natrix Weak C
membranes for the capture of large proteins and antibodies as an alternative to Protein-
A resins. The findings of this study are promising; however some questions were left
unanswered and will be kept for future work.
The predominant interaction when purifying proteins with composite ion exchange
membranes is based on electrostatic attraction and repulsion. However hydrophobic inter-
action might play a role as well when the support layer of the membrane has hydrophobic
tendencies and is not fully covered by the ion exchange hydrogel. Further impacts on the
purification may be due to material characteristics (pore size, surface charge, swelling po-
tential), protein characteristics (size, surface charge) and cell culture characteristics (mAb
concentration, impurities).
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6.2 Influence of Protein and Membrane Characteris-
tics on Purification Behaviour
Hydrophobicity was a concern to the author since the hydrophobic backbone of the material
was exposed in some FESEM pictures resulting in a potential addition of hydrophobic
interaction beyond cation exchange. Hydrophobic tendencies of antibodies were evaluated
with the fluorescence probe ANS. Smallest hydrophobicity numbers were found for IgG and
EG2 at pH 7. pH 7 was determined to be the optimal pH for eluting IgG. Furthermore
zeta potential measurements showed that at pH 7 the surface charge was highly negative
(-40 mV zeta potential) whereas the hydrophobicity of the membrane was again very
small. Therefore at high pH, hydrophobicity of proteins and material could be neglected,
electrostatic interactions were predominant. Surface charge of IgG, known from its pI above
pH 7, was slightly positive at pH 7 and strongly positive at pH 5. pH 5 was determined to
be the optimal pH to encourage interaction between the membrane and IgG. At this pH,
hydrophobicity of IgG increased twofold compared to pH 7, EG2’s hydrophobicity increased
four times, hydrophobicity of the material increased by 50%. Even though the proteins’
hydrophobicity increased significantly, their positive overall charge coupled with ANS being
an anionic dye does not exclude interaction beyond hydrophobic behavior. By using ANS,
the study could not achieve decoupling of hydrophobicity and electrostatic interaction.
Furthermore the change of material hydrophobicity was small, hence hydrophobicity could
also be neglected at low pH, and binding was predominantly determined by the material’s
zeta potential close to zero and the protein’s highly positive overall charge. Concerns of
the membrane’s base material influencing binding and elution could not be confirmed.
Membrane swelling potential and pore size showed the same trend, increasing values
with increasing pH. Lowest pore size of 260 nm at pH 4.5, 1 M KCl, was still ten times
larger than IgG (dimensions: 21.9x15.5x1.5 nm), assuring an unhindered passing of the
protein through the membrane. Dimension changes of the protein with changing conditions
cannot be neglected and should be part of future investigations.
Mass transfer limitations of Natrix Weak C were investigated. Although it was shown
that these limitations were present, they could be somewhat removed in the dynamic mode
where its open pore structure showed superior behaviour over resins and other commercially
available membranes with a 6.5 times higher dynamic binding capacity.
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6.3 Influence of Cell Culture Characteristics on Pu-
rification Behaviour
An important characteristic moving from production to purification of antibodies is the
concentration of mAbs. Increasing titres (≥ 5 g/l) have been observed over the last decades
to meet the increasing need of mAb therapeutics. This benefit in upstream improvements
however does not translate to benefits in downstream, especially for purifications with
resins since their usage is limited by the mass of product to be purified and not the
volume [15]. Another characteristic is the quantity of mAb relative to other host cell
proteins (HCP). Tait et al. [115] found that less than 20% of total proteins are HCP due to
the modifications and improvements done to cell line and cultivation to focus predominantly
on mAb production. An increase in impurities would be problematic when considering an
alternative purification principle. The Protein-A affinity ligand binds mAbs only whereas
cation exchange ligands might interact with mAbs as well as HCP.
6.4 Comparison of Cation Exchange Membranes to
Cation Exchange and Protein-A Resins
Table 6.1 is comparing Protein-A and cation exchange resins with cation exchange mem-
branes. The most distinct difference and advantage of cation exchange membranes is its
high DBC for IgG with 115 mg/ml compared to 80 mg/ml (cation exchange resins) and 30
mg/ml (Protein-A resins). Yields are comparable for all systems. A crucial factor of anti-
bodies is their purity which is highest with Protein-A resins and explains it predominant
use over the years. Some cation exchange resins however have been reported to yield puri-
ties of up to 95% which is promising. The purity for Natrix weak C membranes need to be
determined, however Suck et al. [116] tested Vivapure IEX spin columns and obtained high
purities in a one step purification of an enzyme. Another factor that needs to be pursued
further is the volume or annual throughput. So far NatriX C membranes have been used
on a laboratory scale (< 1 ml). A serious scale up investigation and testing is needed in
order to reach comparable volumes of 10 000 l. Savings however could be substantial once
a successful scale up is performed. The company (Natrix Separations) is predicting a 60%
cost decrease for the capture step.
Therefore membrane chromatography is superior to resin chromatography in some areas
especially when dealing with large proteins and high concentrations. Purity and scale up
potential needs to be evaluated for Natrix C membranes before drawing a final conclusion
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Table 6.1: Comparison of Natrix Weak C cation exchange membrane to cation exchange
and Protein-A resins
Protein-A
Affinity Resin
Cation Exchange
Resin
Cation Exchange
Membrane
(Natrix C)
DBCIgG,10% (mg/ml) ∼30a ∼80d ∼115g
Yield (%) 95b 95e > 95g
Purity (%) > 98b 95f TBD
Time (h) 12c
Similar to Protein-
A
< 3g
Lifetime 200 cyclesc
Similar to Protein-
A
1 use disposable unith
Facility cost (Mm $) 50-300c -
60% decrease in
capture steph
Throughput (kg/a) 100 - 4 000c - TBD
Adsorber volume > 10 000 lc > 10 000 lc
< 1 ml
(scale up needed)h
a [117], b [118], c [119], d [85], e [120], f [121], gThis study, hManufacturer information
on replacing Protein-A as first capture step. A one step purification with cation exchange
membranes will most likely not yield comparable purities therefore an orthogonal sequence
of membranes should be envisioned and investigated as a replacement for Protein-A.
6.5 Conclusion
Every purification technology should have a high throughput, high yields and purities as
well as produce stable biomolecules at a high speed, with accuracy, reliability and minimal
cross-contamination. From this work there are further specific characteristics to consider
for future cation exchange membrane development:
• Is the membrane a composite material, if so are there potential interactions from the
base material?
• What is the charge profile of the membrane (pKa), determining the potential and
limits of purifying different proteins (with different pI)?
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• What is the pore size distribution of the material and will the proteins be able to
pass unhindered?
• What are static and dynamic binding capacities compared to other commercial prod-
ucts?
• What is the purity of a protein mixture in a one step/orthogonal capture?
Overall, Natrix Weak C membranes are a promising alternative to Protein-A resins
for capturing large proteins and antibodies. This thesis showed their superiority to other
commercially available membranes with a 6.5 times higher dynamic binding capacity and
a 1.5 times higher capacity compared to cation exchange resins found in literature. Two
comparison factors remain for investigation: purity and scale up potential.
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Conclusions and Recommendations
The research presented in this thesis focused on the characterization of (1) hydrophobicity
of proteins, (2) a weak cation exchange macroporous hydrogel membrane and (3) protein
capture by cation exchange membranes.
The first objective was to analyse protein hydrophobicity according to pH and ionic
strength (Chapter 3). Fluorescence intensity of proteins with ANS probe is widely used
in literature but so far no comparison between studies has been done. To compare results
from different studies a standardization step was suggested. This thesis further showed the
possibility of expanding the protein concentration range beyond linear range by using the
Scott plot (a single reciprocal plot) to evaluate hydrophobicity for proteins. Optimal exci-
tation/emission fluorescence intensity for ANS and BSA were investigated and determined
to be 390 nm/470 nm excitation/emission. At pH values close to the isoelectric point of
BSA, the hydrophobicity index was lowest and increased with pH further away from the
pI. Ion content in the buffer system had a stabilizing effect on the proteins and led to a
slightly higher hydrophobicity index. The ANS test was expanded to IgG as polyclonal
antibody and EG2 as monoclonal antibody. Results indicated that pH had statistically
significant influence on all proteins. The order of magnitude of the hydrophobicity index
(H) in the majority of cases was HBSA >HEG2 >HIgG. The polyclonal antibody IgG showed
low fluorescence intensity suggested to be caused by its different Fab sequences resulting in
different interactions with ANS. EG2, which has Fc sequences similar to IgG but different
Fab sequences, showed a stronger signal. With this knowledge one can postulate that IgG
and EG2 at pH 5 will interact with membrane materials via hydrophobic interactions in
addition to electrostatic interactions, hence purification conditions close to pH 5 will favor
binding. At pH 7, hydrophobicity interaction will be reduced and will favor elution.
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The second objective was to characterize a weak cation exchange membrane material
by analysing surface charge, swelling behaviour, hydrophobicity, pore size (Chapter 4) and
ion exchange capacity (Chapter 5). Membrane surface charge at pH 5 was close to 0 mV
which is coherent with the reported pKa of the membrane. With increasing pH, membrane
surface charge increased as well. Pore size (analysed with FESEM in combination with
freeze-drying to preserve porous structure of the hydrated membranes) and membrane
swelling were low at pH 5 and high at pH 7. Membrane hydrophobicity showed an opposite
trend with high values at low pH and low values with increasing pH. Membrane surface
charge, pore size and hydrophobicity results support binding at pH 5 and elution at pH 7.
With decreasing membrane format/increasing surface area, the IEC of Natix C increased
significantly revealing mass transfer limitations.
The third objective was to characterize membrane protein interaction. This was achieved
by investigating static protein binding and elution conditions (Chapter 4), dynamic pro-
tein binding capacity and by modelling protein adsorption (Chapter 5). As the previous
findings suggested, highest protein binding was at low pH (pH 5) and low ionic strength.
Elution was highest at pH 7 and high ionic strength (1 M). Different adsorption models
(Langmuir, Bi-Langmuir, Freundlich and Steric-mass action) were used to describe bind-
ing isotherms. However none of the models could describe protein adsorption over the
complete range of concentration. This implied that there were mass transport limitations
present which the models were not able to capture. To assess these limitations, protein
binding for membrane materials with different formats was assessed. Membrane format
influenced binding, with more accessible binding sites in smaller membrane formats. When
comparing protein binding capacity, the smaller protein lysozyme always showed higher
binding capacity than the larger IgG, confirming binding capacities are not only limited
by the ligand density but also by the size of the protein and the space it occupies. The
dynamic mode operation showed increased protein binding capacity compared to static
conditions supporting the presence of mass transfer limitations. Buffer conditions for IgG
however needed to be adjusted showing the importance of protein stability in the dynamic
mode and should be investigated further.
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The results presented in this work led to the formulation of the following recommenda-
tions for future work on protein capture by cation exchange membrane chromatography:
1. Further analysis of mass transfer for Natrix C membrane material
Mass transfer limitations for this membrane material were identified. Protein isotherms,
gained in static mode, gave a first insight into binding behaviour. It is proposed to
move to a dynamic set-up with varying flow rates to expand on the grasp of protein
adsorption and mass transfer behaviour.
2. Influence of pH and ion type on protein adsorption
When moving from the static to the dynamic mode, pH and ionic strength conditions
from the static mode were applied to the dynamic mode. The effect of pH, ionic
strength, flow rate and buffer type for protein binding and elution in the dynamic
mode should be investigated to determine highest recovery for the respective protein.
3. Influence of mAb glycoforms on their capture and recovery
So far model proteins, lysozyme and IgG, have been used in the dynamic mode.
It is suggested to expand this to monoclonal antibodies with different glycoforms
such as those produced by MabNet. The capture of these antibodies with cation
exchange membranes could be evaluated to assess the effect of glycoform pattern on
their binding and/or recovery.
4. Protein binding visualization
Visualization of interaction between proteins and membrane has been done on a
macroscopic level. It is therefore not yet clear which parts of the proteins are in-
teracting with the membrane. An evaluation on microscopic level is recommended.
Protein binding visualization could be done by confocal laser scanning microscopy
(CLSM), charge mapping or protein crystallization with X-ray analysis. This would
give more insight in the type of binding and could lead to further purification opti-
mization.
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A.1. Flow Sheet for Pore Size Analysis
A.1 Flow Sheet for Pore Size Analysis
Figure A.1: 3 major steps for the FESEM experiment and data analysis
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Appendix A. Pore Size Analysis with FESEM
Figure A.2: Detailed description of the FESEM image analysis
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A.2. Processed FESEM images
A.2 Processed FESEM images
The following figures show the transformation from original FESEM images to pore recog-
nition. Figures A.3-A.22 are used in Chapter 4, Table 4.1.
Figure A.3: 2014-07-16-pH 4.5-minus-01, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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Figure A.4: 2014-07-16-pH 4.5-minus-03, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.5: 2014-07-16-pH 4.5-minus-07, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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Figure A.6: 2014-07-16-pH 4.5-minus-02, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.7: 2014-07-16-pH 4.5-minus-04, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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Figure A.8: 2014-07-16-pH 4.5-minus-07, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.9: 2014-07-16-pH 4.5-RT-01, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Figure A.10: 2014-07-16-pH 4.5-RT-03, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
133
A.2. Processed FESEM images
Figure A.11: 2014-07-16-pH 4.5-RT-06, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Figure A.12: 2014-04-03-pH 4.5-0M-04, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
135
A.2. Processed FESEM images
Figure A.13: 2014-04-03-pH 4.5-0M-08, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Figure A.14: 2014-04-03-pH 4.5-1M-05, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.15: 2014-04-03-pH 4.5-1M-07, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Figure A.16: 2014-04-03-pH 6-0M-04, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.17: 2014-04-03-pH 6-0M-06, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Figure A.18: 2014-04-03-pH 6-0M-08, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.19: 2014-04-03-pH 6-1M-04, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Figure A.20: 2014-04-03-pH 6-1M-06, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figure A.21: 2014-04-03-pH 7-1M-05, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Appendix A. Pore Size Analysis with FESEM
Figure A.22: 2014-04-03-pH 7-1M-08, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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A.2. Processed FESEM images
Figures A.23 and A.24 are used in Chapter 5, Figure 5.5.
Figure A.23: 2014-04-03-pH 5-0M-01, a) Original image b) Cropped & background cor-
rected image c) Pore recognition d) Pores over original image
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Appendix A. Pore Size Analysis with FESEM
Figure A.24: 2014-04-03-SAR-pH 5-0M-01, a) Original image b) Cropped & background
corrected image c) Pore recognition d) Pores over original image
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B.1. MATLAB Code for Analysing an EEM
B.1 MATLAB Code for Analysing an EEM
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Appendix B. MATLAB Code
B.2 MATLAB Code for Analysing a Chromatogram
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B.2. MATLAB Code for Analysing a Chromatogram
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Appendix C
Protein Amino Acid Sequences
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C.1. 1-Letter Amino Acid Code
Table C.1: 1-Letter code for amino acids
1-Letter Amino Acid
A Alanine
C Cysteine
D Aspartic Acid
E Glutamic Acid
F Phenylalanine
G Glycine
H Histidine
I Isoleucine
K Lysine
L Leucine
M Methionine
N Asparagine
P Proline
Q Glutamine
R Arginine
S Serine
T Threonine
V Valine
W Tryptophan
Y Tyrosine
C.1 1-Letter Amino Acid Code
This Appendix section will display amino acid sequences of proteins used. The sequences
are given in the 1-letter-code. Table C.1 can be used to translate letters into amino acids.
C.2 Amino Acid Sequence of BSA
Taken from: http://www.ncbi.nlm.nih.gov/protein/CAA76847.1
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Appendix C. Protein Amino Acid Sequences
C.3 Amino Acid Sequence of IgG
C.3.1 IgG heavy chain
Taken from: http://www.ncbi.nlm.nih.gov/protein/CAA75030.1
C.3.2 IgG light chain
Taken from: http://www.ncbi.nlm.nih.gov/protein/CAA75031.1
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C.4. Amino Acid Sequence of EG2
C.4 Amino Acid Sequence of EG2
Taken from: Bell et al., 2010, doi:10.1016/j.canlet.2009.08.003
C.5 Amino Acid Sequence of Lysozyme
Taken from: http://www.ncbi.nlm.nih.gov/protein/AAC37312.1
156
